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Abstract

Abstract

Its tunable strengthening, stiffening and actuation behavior, induced by a change of surface
state controlled via electrochemical potential, make nanoporous gold (NPG) a promising
candidate for many applications. Due to the complex network structure, a fundamental
understanding of the functional behavior of NPG requires accurate measurements of the electro-
chemo-mechanical coupling. While many experiments at the macro-scale were published, only
few experiments have been carried out at the micro-scale. In this work, the micromechanical
testing with and without electrochemical control has been carried out, using a modified
nanoindentation system with which the effects of deformation length-scale and microstructural

length-scale are investigated.

Based on the results of nanoindentation and microcompression without electrochemical
environment, the elastic modulus, strength and hardness show a decrease with increasing
ligament size. By varying ligament size (L) and sample diameter (D) of NPG micropillars, a
critical ratio (a=D/L=20) was found, above which the test structure can be considered a
representative volume element (RVE) resulting in reproducible stress-strain behavior and
uniform deformation. Below this critical ratio, both flow stress and elastic modulus decrease
with decreasing pillar diameter, as evidenced for a fixed ligament size of L=350 nm. Stochastic
behavior along with non-uniform deformation for a</0, indicate that the size of the load-

bearing unit is close to 10 times the corresponding ligament size.

In the case of in situ microcompression, a novel loading profile was developed to decouple
the contribution of displacement due to the actuation from the compression-induced
deformation. The flow stress of pillars under potential jumps exhibited the same trend as the
corresponding macroscopic results; strength is enhanced significantly due to the surface
adsorption, and this response is reversible. The amount of previous deformation of pillars with
a clean surface has no impact on the subsequent flow stress coupled with adsorption. The elastic
modulus was found not to depend on the potential, in contrast to what was found with dynamic
mechanical analysis at the macro-scale. The stress-strain curves of pillars with varying «
indicate that the relative change in strength induced by adsorption (Ag/a,fs) decreases with
increasing ligament size, i.e. the absolute change in strength and the strength itself scale
differently with the ligament size. A change in pillar size does not impact the Ao /g, s for a

fixed ligament size, even though « is below the ratio of the RVE for the mechanical behavior.
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Zusammenfassung

Sein einstellbares Verstarkungs-, Versteifungs- und aktorisches Verhalten, das durch eine
iiber das elektrochemische Potenzial gesteuerte Anderung des Oberflichenzustands
hervorgerufen wird, macht nanopordses Gold (NPG) zu einem vielversprechenden Kandidaten
fiir zahlreiche Anwendungen. Aufgrund der komplexen Netzwerkstruktur erfordert ein
grundlegendes Verstindnis des funktionellen Verhaltens von NPG genaue Messungen der
elektrochemisch-mechanischen Kopplung. Wiahrend auf der Makroebene bereits viel
untersucht wurde, ist auf der Mikroebene noch wenig geschehen. In dieser Arbeit wurden
mikromechanische Tests mit und ohne elektrochemische Umgebung durchgefiihrt, wobei ein
modifiziertes Nanoindentationssystem zum Einsatz kam, mit dem die Auswirkungen der

Verformungslidngenskala und der mikrostrukturellen Lingenskala untersucht wurden.

Die Ergebnisse der Nanoindentation und der Mikrokompression ohne elektrochemische
Kontrolle zeigen, dass der Elastizititsmodul, die Festigkeit und die Harte mit zunehmender
LigamentgroBe abnehmen. Durch Variation der LigamentgroBe (L) und des
Probendurchmessers (D) von NPG-Mikrosdulen wurde ein kritisches Verhiltnis (a=D/L=20)
gefunden, oberhalb dessen die Teststruktur als représentatives Volumenelement (RVE)
betrachtet werden kann, was zu einem reproduzierbaren Spannungs-Dehnungsverhalten und
einer gleichméfBigen Verformung fiihrt. Unterhalb dieses kritischen Verhiltnisses nehmen
sowohl die FlieBspannung als auch der Elastizitdtsmodul mit abnehmendem Sadulendurchmesser
ab, wie fiir eine feste LigamentgroBe von L=350 nm nachgewiesen wurde. Stochastisches
Verhalten zusammen mit ungleichméBiger Verformung fiir <70, deuten darauf hin, dass die

Grofe der tragenden Einheiten nahe dem Zehnfachen der entsprechenden Ligamentgrof3e liegt.

Im Falle der Mikrokompression in situ wurde ein neuartiges Belastungsprofil entwickelt,
um den Beitrag zur Verschiebung durch Aktorik und durch kompressionsinduzierte
Verformung zu entkoppeln. Die FlieBspannung von Séulen unter Potenzialspriingen zeigte
denselben Trend wie die entsprechenden makroskopischen Ergebnisse; die Festigkeit wird
durch die Oberflachenadsorption deutlich erhoht und diese Reaktion ist reversibel. Das Ausmaf3
der vorherigen Verformung von Sdulen mit sauberer Oberflache hat keinen Einfluss auf die sich
einstellende FlieBspannung in Verbindung mit der Adsorption. Es wurde festgestellt, dass der
Elastizititsmodul nicht vom Potenzial abhéngt, im Gegensatz zu Ergebnissen der dynamisch-
mechanischen Analyse auf der Makroebene. Die Spannungs-Dehnungs-Kurven von Sédulen mit

unterschiedlichem o zeigen, dass die relative Anderung der Festigkeit durch Adsorption
il
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(Ag/o,fr) mit zunehmender LigamentgroBe abnimmt, d.h. die absolute Anderung der
Festigkeit und die Festigkeit selbst skalieren unterschiedlich mit der Ligamentgréfe. Eine
Anderung der SiulengroBe wirkt sich bei fester LigamentgroBe nicht auf Ac /o, 7 aus, selbst

wenn o unter dem Verhéltnis der RVE fiir das mechanische Verhalten liegt.

il
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Introduction

1 Introduction

1.1 Motivation and objectives

Owing to the high specific surface area, nanoporous metals with a stochastic bicontinuous
network structure composed of nanometer-sized metallic ligaments and pores, exhibit
interesting functional behavior induced by external stimuli. For instance, an application of an
electrical potential to nanoporous gold (NPG) results in a strain, while the straining of NPG can
cause a measurable voltage or current, which is not commonly found in conventional metals
[1]. These functional properties make them promising candidates as actuators [2], sensors [3]

and catalysts [4].

Dealloying is one of the most effective methods for producing NPG as well as other
nanoporous metals, such as NP Pt [5], NP Cu [6] and NP Pd [7], during which the less noble
element is selectively dissolved from a master alloy, resulting in a sponge-like and open-cell
network structure consisting of interconnected ligaments and pores [8], as shown in Figure 1.1.
Importantly, the ligament size of NPG can be adjusted from tens to hundreds of nanometers by

controlling the dealloying conditions and post annealing treatment [9].
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Figure 1.1. Scanning electron microscopic (SEM) image of nanoporous gold (NPG) made by

electrochemical dealloying.
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The functional behaviors, such as actuation and sensing, are inherently mechanically
coupled; the amount of actuation for a given applied potential or the strength of the signal sensed
for a given strain applied is dependent on the mechanical properties. Any possible applications
requires the comprehensive understanding in mechanical behavior of this material because it
has a considerable influence on the actuation capability if stress is applied to such an actuator,
i.e. if it really has to do work against an external load. Therefore, the interdependencies of
mechanical behavior, microstructure of NPG, and electrochemical environment, have attracted

increased interests in the past of decades [10-15].

It was found that the elastic modulus and yield strength of NPG, predicted by the Gibson-
Ashby scaling law, where the relative density is the sole impact factor, are not in agreement
with the experimental measurements [16]. In addition, other structural features, such as
ligament size, morphology and topology of the network structure were demonstrated to have
significant impacts on mechanical properties of NPG [17-19]. However, due to the complexity
and disorder of the porosity structure and length-scales involved, it is still challenging to
understand the correlations between the structure and mechanical responses comprehensively.
Especially, the effect of the ratio of specimen size (deformation length-scale) to pore or
ligament size (microstructural length-scale), which was found to play an important role in
determining mechanical behavior of cellular Al foams: a reduction of such ratio at a certain
range causing a decrease in Young’s modulus and plastic collapse strength [20], has not been
systematically investigated in NPG. Besides, the recent mechanical results of hierarchical NPG
revealed that both sizes of upper-hierarchical-level struts and lower-hierarchical-level struts
have significant influence on the elastic modulus [21]. Since the ligaments of hierarchical
structures are themselves nanoporous, these results indicate that the impact of sample size of

NPG can not be neglected especially when only several ligaments cross span the samples.

Interestingly, the application of external signals can not only bring functional behavior to
NPG, but also affects mechanical properties. When NPG samples are immersed in an
electrochemical environment, such as HC104 or HCI aqueous solutions, the surface state of Au
can be altered from an electrical double layer to electrochemical adsorption by an applied
potential [22]. It was found that the formation of an oxidation monolayer on the NPG ligament
surface caused by applied potential can lead to a ~10% increase in elastic modulus [23], and
even a twofold increase in strength during compression. These variations in mechanical
properties can be controlled reversibly by cyclic potentials [24]. Yet the mechanism of this

electro-chemo-mechanical coupling is still under debate, and both sides of the debate will be
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presented in chapter 2. While most investigations of mechanical responses coupled by
electrochemical potentials are carried out on macroscopic NPG samples, a better understanding
of the underlying correlations between structure, chemical states, and mechanical behavior is
best achieved via micromechanical testing in situ in an electrochemical environment. Such an
approach allows us to measure mechanical responses of micro-scaled volumes or even several
load-bearing units under electrical potentials, by which we can address the effects of
microstructure aspects, sample size and local structural geometries. Micromechanical
approaches, such as nanoindentation, microcompression and microbending, employed for
testing mechanical response of micro- and nano-scale objects, provide opportunities to observe
changes in the dependence of strength on specimen size, which are not observed in macroscopic

samples.

Nanoindentation testing with a sharp tip in electrochemical or other liquid environments
has been conducted in some studies. The effect of surface covered by a metal or an oxide
monolayer on the elastic-plastic transition of Au was addressed by Corcoran et al. [25, 26].
Recently, Barnoush et al. [27-29] studied the influence of hydrogen on dislocation nucleation
of FeAl and Ni using a designed nanoindenter setup, where the samples were immersed in the
electrolyte. However, in the case of nanoporous gold, the actuation response induced by
potentials simultaneously needs to be considered during testing, which makes the experimental
setup more challenging. Additionally, with the reduction of sample size to the microscale,
whether existing size effects on mechanical behavior coupled with electrochemical potential is

unclear.

One of the objectives of the current thesis is the achievement of electro-chemo-mechanical
coupling measurements on micro-scaled NPG samples by means of a modified nanoindenter
equipped with an electrochemical cell. With the help of a multiple load-unloading profile,
actuation of NPG that has significant influence on the load and displacement measurement can
be decoupled during testing. The elastic and plastic responses coupled with electrochemical
potentials obtained from our setup are compared with the corresponding macroscopic results.
Furthermore, micromechanical testing, including nanoindentation and microcompression, are
carried out on NPG samples with and without electrolyte. By varying the ligament size and the
external diameter of micropillars fabricated by focused ion beam (FIB) milling, the effects of
deformation length-scale and microstructural length-scale on the mechanical behavior with and

without electrochemical coupling are investigated. In addition, the dependence of plastic
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behavior on the deformation history of NPG pillars under various potentials was also studied in

this work.

1.2 Outline of thesis

Chapter 2 focuses on the background of the current thesis. Mechanical behavior and its
correlation with NPG structure in the literature are reviewed, followed by an introduction of
fundamental knowledge in terms of metal-electrolyte interface and electrochemical adsorption
on the Au surface. Finally, the influence of surface state on properties of nanoporous materials

1s described.

Chapter 3 first introduces the electrochemical systems and techniques used in the current
work, and then details the preparation procedure of bulk NPG samples and micro-pillars.
Additionally, the techniques used for microstructural characterization and micromechanical

testing carried out on NPG are presented.

In chapter 4, results from microcompression of NPG with varying ligament size and pillar
diameter are presented. Basing on that, the influences of deformation length scale and
microstructure length scale on elasticity and plasticity of NPG were discussed, and a critical
ratio is found above which the test structure can be considered a representative volume of

material resulting in reproducible stress-strain behavior and uniform deformation.

Chapter 5 presents the results of microcompression of NPG micro-pillars in situ in an
electrochemical environment under potential control using a modified nanoindenter. A novel
loading protocol is developed to decouple the dimension of change of samples from actuation
and the imposed deformation. The elastic and plastic behaviors under different types of potential
control was studied. The results obtained are compared to the corresponding results measured

at the macroscale from literature.

In chapter 6, the influences of deformation length scale and microstructure length scale, as
well as deformation history, on the plastic behavior of NPG coupled with electrochemical
potentials is investigated. The size effects on mechanical behavior with and without electrolyte

(in Chapter 4) are compared and discussed here.

Chapter 7 summarizes the main findings of the current thesis and proposes suggestions for

further work.
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2 Background

2.1 Mechanical behavior of nanoporous gold

At present, NPG is mainly prepared by dealloying that allows the selective dissolution of
one or two components in an aqueous medium from a parent alloy, resulting in a stochastic
nanoporous structure formed inside the residual alloy [8, 9, 14, 30, 31]. Due to this unique
bicontinuous network structure, consisting of numerous disordered nano-scaled struts, NPG
exhibits interesting functional behavior [32] that is not found in conventional metals, but the
structural complexity makes understanding of correlations between structure and properties
challenging. The elastic and plastic responses of NPG from the macro- to micro-scale were
studied via many experiments [33-35], including tension [36], compression [10] and

nanoindentation [17], and simulations [37-39].

2.1.1 Gibson-Ashby scaling laws

Scaling laws proposed by Gibson-Ashby in 1988 [40, 41], which are based on a model of
3D periodic constant section struts interconnected at rigid nodes, representing the conventional
open-cell foam structure, can be used for predicting the mechanical properties of porous solids.
According to the scaling laws, where the solid fraction and corresponding mechanical properties
of the bulk materials are the two factors taken into account, the elastic modulus and yield

strength of NPG are obtained by:

Va 2.1)
Enpe = EAu(V_u)2
NPG
Va (2.2)
Oy NPG = 0-30y,Au(VN:G)3/2

Where Ej,, and gy, 4,, are elastic modulus and yield strength of the bulk Au, respectively.
Vau/Vnpc 18 the relative density of NPG. These equations work well for macroscopic
conventional porous materials with low solid fraction (around 0.1) and micro or macro cell size
[42]. However, in the case of NPG with solid fraction typically ranging between 0.2 and 0.5 [8,
35, 43], the mechanical properties predicted by this law is not consistent with the corresponding
experimental measurements. This discrepancy might be because the random bicontinuous

5
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structure of NPG composed of ligaments with different shapes, curvatures and space

orientations, is more complicated than the ordered structure proposed in Gibson-Ashby model.

2.1.2 Size effects

2.1.2.1 Plasticity

Unlike macro cellular foams, where the cell size has a minimal effect in the mechanical
behavior [44], the yield strength of NPG is strongly dependent on ligament size. It is increasing
significantly with decreasing ligament size even if the relative density is identical. Many studies
suggested the ligament size-dependent strength of NPG can be interpreted as the “size effect”

of massive gold, since the single ligaments of NPG can be treated as Au nanowires.

The “smaller is stronger” size effect refers to a phenomenon that flow stress for plastic
deformation in small volumes is higher than that needed for plastic flow in bulk materials, which
has been found on many metals [45], such as Ni and its alloys [46-50], Cu [51-54] and Au [45,
55-57]. The mechanical testing results of face-centered cubic (FCC) metals indicates that the
relationship between yield strength (o) and sample dimension (d) at the submicron scale can
be described by a simple power-law: g5 o« d~" [58]. In the case of Au, the values of n estimated
by experiments (0.61 [57]) and by simulation (0.49 [59]) agree well. The yield strength of Au
nanowires or ligaments as a function of sample dimension is illustrated in Figure 2.1 (a) [35].
It was demonstrated that the yield strength of Au increases dramatically from 50 MPa to 560
MPa as the sample size decreases from 11 um to 200 nm [57]. In particular, the yield stress of
Au ligaments with diameter of 15 nm, calculated using Gibson-Ashby scaling laws based on
the measured yield stress of NPG, is around 1.5 GPa [60], approaching the theoretical shear
strength of Au and is up to 50 times higher than the strength of bulk Au (30 MPa) [61].

Due to the huge discrepancy in yield stress between bulk and nanoscaled ligaments induced
by size effects, many studies suggested that the influence of ligament size on the local yield
strength of Au (0y, 4,,) used in Gibson-Ashby scaling law should be taken into account [12, 62-
66]. According to that, a modified scaling equation proposed by Hodge et al. [65], where the
0y, 4y €xhibits a closed inverse square root dependence on ligament size, was used for predicting

the yield strength of NPG.

The mechanism of plastic size effects mentioned above was explored by experiments [55,
57] and computation [39, 67-69] in the literature. It is unclear if the strain gradient due to the
bending of the Au ligaments could lead to the size effects observed in NPG during deformation.

In the absence of strain gradients, the strain gradient theory associated with geometrically
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necessary dislocations [54] fails to interpret this phenomena. Currently, there exists two main
mechanisms that are considered as the origin of the size-dependent behavior. One is the
dislocation starvation hardening model that was proposed in many studies [45, 48, 57, 70, 71]
(also called dislocation source-limited mechanism in [57]). In this scenario, the reduction of
sample size to the submicron range leads to a decrease of distance for dislocation motion before
they reach the sample surface where they dissolve. In this case, dislocations escape from pillars
at the nearest free surface more quickly than they multiply and interact with other dislocations
during deformation, which results in the decrease of dislocation density. Therefore, more
external load must be applied on pillars in order to nucleate or activate new dislocation sources
for plastic deformation. This mechanism has been verified by transmission electron microscopic
(TEM) images of deformed Au nanopillars, where the elimination of defects in the course of
deformation was found [55]. Additionally, the experimental observation of the pronounced
decrease in dislocation density of a Ni crystal during nanocompression in situ in TEM also

provided support for this model [47].

Another competing model, source-truncation hardening, where dislocations are not starved,
which was first introduced basing on some simulation studies, is related to the size of
dislocations sources [67, 72-75]. In this description, with the reduction of the sample dimension,
the sample size becomes close to the average dislocation source length, usually resulting in, for
instance, the double-pinned Frank-Read sources being truncated into single-arm sources due to
the interaction with nearby the surface. The stress required to activate these single-arm
dislocation sources was found to increase with decreasing source length. Therefore, the flow
stress needed for the plastic deformation of smaller volume is higher. Recent in situ TEM
mechanical testing of a submicrometer Al single crystal, where the single-end sources with the
equivalent source length limited approximately by half of the crystal width were observed,
provided experimental proof for this source truncation model [76]. Furthermore, the results of
the operation of spiral dislocation sources at high stresses and the hardening by a gradual loss
of defects during quantitative in situ TEM tensile testing of 100~200 nm thin Cu single crystal
suggested that both mechanisms of dislocation starvation and source truncation should be taken

into account simultaneously for explanation of the size effect phenomena [77].



Background

10% ey
E S ! theoretical
= | [ shear strength |
< | PO
E =y
I 1000 3 3 ® 3
g i b A @
2 i
S e
15} B Fay
= v N
o a
5 100 3 & R/ N E
= C s
q; -
£ - & i
o s J
L=y
| a (a) o
10 TR RRRTTI BN E TTTT] B SANE 11T NS RRTIT] N SRR
1 10 100 1000 10* 108
Ligament Size or Pillar Size (nm)
@ Nanoindentation [65] © Simulation [85] A Microcompression [60]

& Microcompression [57] [ Nanowire bending [0] € Nanoindentation  [86]
W Nanoindentation [12] B Microcompression [62] ¥ Mini-compression [78]

1000 —r—rrrr—— T ——T—rrr
o :
e [
e i
Q | ]
<
b1 | e
=
o , B
w
< 100 * =y ;
w L A A ° 4|
@ - A A | P
= L .
s [
=
@
£
g’ L
= | (b)
10 gl Ll L1 eI
1 10 100 1000

Ligament Size or Wire Size (nm)
® Thin film buckling [79] M Nanoindentation [12] 1 Nanowire bending [80]

& Microcompression [57] ] Beam bending [82]  # Beam bending [81]
@ Nanoindentation [17] # Simulation [83] ¥ Beam bending [84]

Figure 2.1. (a) Yield strength and (b) Elastic modulus as a function of ligament size of NPG or
diameter of Au pillar selected from experimental data and simulation results in the literature
[12, 17,57, 60, 62, 65, 78-86]. Grey area in the middle of (a) denotes range of elastic modulus
of single crystal Au in various crystallographic direction. In (b), the slid line represents
theoretical shear strength of Au, and the dashed line is a power law with exponent of -0.6.

Adopted from Ref. [35].
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2.1.2.2 Elasticity

Similarly, a size-dependent elasticity of NPG for ligament sizes ranging from 20 nm to 500
nm has been observed in many experimental measurements [16, 79]. According to earlier
theoretical calculations [87-90], the reduction of the sample size from the macroscale to
nanoscale results in a considerable increase of specific surface area, which has influence on the
elastic modulus. The contribution of surface factors associated with only a few layers of atoms
near the surface or the volume occupied by the surface atoms, such as surface roughness, surface
tension, surface stress and surface excess elasticity, play an important role in the overall

elasticity.

However, the experimental results regarding size effect on elasticity of massive metals is
contradictory. With sample size decreasing, some testing data showed an increase in stiffness
of Ag nanowires [91-93] and Pd nano-whiskers [94], due to the effects of surface tension, while
others found an enhanced compliance on Si [95] and chromium cantilevers [96]. Besides, some
studies revealed that the elastic modulus is not sensitive to the sample size [80, 97-99]. In the
case of Au, elastic modulus as a function of sample size measured by different methods is
displayed in Figure 2.1 (b) [35]. Micromechanical testing [80] of Au nanowires showed that the
Young’s modulus exhibits independence on sample dimensions and it is close to the values
(~78 GPa) reported for bulk Au when the nanowire diameter is larger than 40 nm. The atomic
simulation of Au nanowires indicated a size dependence of the elastic modulus if the thickness
of wires is less than 3 nm [100]. Recently, it was found that the surface excess elasticity can
induce a weak decrease of the stiffness of Au nanowires in various deformation modes as the
sample size decreases, but this decrease is only a few percent even for the diameter of nanowire
as small as 10 nm [101]. Therefore, weak variation of elastic modulus caused by the reduction

of ligaments size fails to interpret the size-dependent elasticity found in NPG in some studies.

2.1.3 Effects of structural geometry

Apart from size effects, the influence of structural geometry on the mechanical response
has been investigated based on the random three-dimensional ligament network [16, 102-104].
Numerical models developed by Huber [105] and Roschning [106] revealed that structural
disorder (degree of randomization of network) played a key role in determining Poisson’s ratio,
Young’s modulus and yield strength of NPG, and they revisit the scaling equations by taking
into account this factor. In addition, the influence of morphology characteristics, including
ligament size and length distribution, ligament junctions, interfacial shape distributions and

structural anisotropy, as well as topological features characterized by the scaled connectivity
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density (also called scaled genus density in some literature), were found critical. A
phenomenological model based on SEM images of NPG proposed by Pia et al. [19], provides
a description of the relationship between morphological features (the ligaments and nodes in
terms of characteristic lengths) and elastic response. Yet, some studies suggested that the
stiffness and strength of NPG shows more dependence on topological connectivity than
morphological features, through quantitative analysis and comparison of a series of nanoporous

structures with different geometry as well as their mechanical behavior [107, 108].

Furthermore, regarding the phenomenon that the yield strength and elastic modulus of NPG
measured by experiments are still lower than the corresponding values predicted by the Gibson-
Ashby scaling law, even though considering the size effects [78, 109, 110], a concept of
effective relative density or load-bearing solid fraction related to the connectivity (defined as
the number of continuous tunnels or “handles” in the structure [111, 112]) was proposed by Liu
etal. [18,113] and Hu et al. [114, 115]. For a NPG network structure, a 2D skeleton schematic
graph of which is shown in Figure 2.2 (a) [115], only the interconnected ligaments (belonging
to closed rings, denoted by red lines and cyan nodes in Figure 2.2 (a)), which contribute to the
connectivity of the network, bear the external load during deformation, while the floating and
dangling ligaments (represented by black lines and blue nodes in Figure 2.2 (a)) do not
contribute to the mechanics of the nanoporous structure. Thus, the solid fraction used for the
scaling laws is the effective relative density only consisting of the ligaments contributes to the
closed rings, i.e. load-bearing units, rather than the total relative density. The agreement
between the mechanical measurements and predictions of scaling equations using the relative
density of load-bearing units obtained by skeletonization analysis, as shown in Figure 2.2(b)
[114], and experimental testing [ 18] confirmed the validity of this suggestion. Recently, scaling
relations for the change of Young’s modulus and Poisson’s ratio was developed, basing on a
NPG model generated by Cahn’s method of levelled Gaussian random fields, where the
variation in the topological genus is considered, exhibits consistent with the experimental data,
which further verify the importance of topology in mechanical properties of nanoporous

materials [116].

Apparently, ligaments are the smallest elements of a nanoporous structure, but the
transition of mechanical behavior from single nanoscaled ligaments to the overall network, is
done via the load-bearing units that are significantly softer and more compliant than single

ligaments. It is expected that the load-bearing units, which are generally larger than the single
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ligaments, determine the mechanical behavior of NPG, but an exact and appropriate

quantification of these load-bearing rings is still not established.

Figure 2.2. (a) 2D schematic graph of a NPG skeleton structure, the fully interconnected load-
bearing ring skeletons are shown in red lines and the dangling branches is in black. The nodes
that belong to the ring structure and to the dangling ligaments are shown in cyan and blue,
respectively. The red dashed line denotes the Euclidean distance between the cyan nodes. (b)
Skeletonization of a 3D reconstruction RV of the NPG network with a fully interconnected ring

structure. The nodes are shown in cyan, and the ligaments are shown in red [115].

2.2 Metals surface modified by electrochemical potential

2.2.1 Metal-electrolyte interface

When a metal is introduced into an aqueous electrochemical environment, the electrons of
the metal, as well as the ions in the solution near the metal-electrolyte interface will rearrange,
which generates an electrical field over the interface [117-119]. This rearrangement region,
including the array of electrons and ions, is called the electric double layer. The thickness of
the double layer at the metal side is very thin and less than 1A, while the corresponding layer
in the electrolyte is thicker, in the range between 5 and 20 A [120]. A model of the double-layer
region is illustrated in Figure 2.3 [119]. In this model, there is an excess of electrons in a thin
layer underneath the metal surface while the solution side of the double-layer region is more
complicated, consisting of several layers. The layer closest the interface, called the Helmholtz
or Stern layer, contains solvent molecules, and ions specifically adsorbed on the metal surface,

commonly observed with weakly solvated anions because they can escape from the solvation
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shells and form chemical bond with the metal [121]. The locus of the electrical centers of these
specifically adsorbed ions is called the inner Helmholtz plane (IHP). Outside this layer, some
solvated cations with strongly bound solvation shells, surrounded by polarized water molecules
that screen the fields originating from the ions, have electrostatic interaction with the charged
metal surface [122]. The locus of the centers of cations is called the outer Helmholtz plane
(OHP). The region between the OHP and the bulk of the solution is a diffuse layer. The
organization of the ions close to the surface determines the distribution of potential as a function

of distance from the interface.

M IHP OHP
oM 01 02 _
.‘. Solvated cation

@2,
O

i

Specifically adsorbed anion

Metal

O = Solvent molecule

Figure 2.3. A model of electrical double-layer region under conditions where the anions are

specifically absorbed [119]. IHP: inner Helmholtz plane. OHP: outer Helmholtz plane.

It turned out that the metal-electrolyte surface behave like a capacitor. In the case of clean
metal surface in contact with aqueous electrolyte, the capacitance of the double-layer region is
typically in the range of 10 to 40 uF/cm? [119]. Application of potentials on the metals can
produce the accumulation of charges on the metals surface, causing the change of ions
distribution in the interfacial region. The charges on the metal surface can be positive or

negative, leading to the attraction of anions or cations in the electrolyte [117]. The charge
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density of the electric double layer can be tuned if a varying potentials are imposed, resulting

in small nonfaradic currents.

If the applied potential with respect to the reference electrode is sufficiently positive and
reaching or exceeding the critical potential of oxidation, the oxidation reactions occur
accompanied by electrons transferring across the metal-electrolyte interface, producing faradic
currents considerably higher than that in the capacitive region. Inversely, a sufficient negative
potential can generate the reduction reactions. The onset potential for oxidation or reduction

depends on the metal and its surrounding electrochemical environments

2.2.2 Electrochemical oxidation adsorption on Au surface

If a positive potential is imposed on a noble metal, such as Pt or Au, which is immersed in
an electrolyte, such as HC1O4, H2SO4, or NaF aqueous solution, the oxidation and reduction
taking place at the metal-electrolyte interface, are typically referring to the adsorption and

desorption of oxide film on the metal surface, respectively [123, 124].

In the case of Au, the formation of the oxide monolayer consists of several stages, including
sub-monolayer formation, reconstruction and growth of oxide film [22, 125-127]. At the
beginning, the first sub lattices of monolayer (two-dimensional OH arrays) is generated in
between anions specifically adsorbed, during which place-exchange occurs between the
adsorbed OH species on the surface, and Au atoms within the surface lattice. It is followed by
a reconstruction process, i.e. a turn-over process, where the position of AuOH dipoles change
from parallel to antiparallel orientation, and the development of OH layer accompanied by the
desorption of other anions until the three-dimensional oxide monolayer on Au surface was
completed. The oxide monolayer formed on the Au surface is the state of the chemical
occupancy of the lattice, rather than stoichiometric phase compounds. Subsequently, if the
applied potential decreases to the capacitive region, the oxide monolayer will move away from
the Au surface, after the interface changes back to the electrical double-layer state. Hence, the
surface state of Au can be changed reversibly between surface electrosorption and double-layer
state in a potentials-sweep by changing the potential in time, or the same state of oxide
formation be attained by holding the electrode at a suitable potential for an appropriate length
of time. The information regarding the oxidation adsorption and desorption can be obtained by

cyclic voltammogram (CV) measurement.

The formation of an oxide monolayer, especially the initial formation of 2-dimenonal OH
arrays, on the Au surface is affected by the anion species of the electrolyte, which are pre-

adsorbed on the surface before oxidation occurs, such as CI, HCIO;and SO; . Due to existence
13
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of competition, these anions can inhibit the onset of the first stage of surface oxidation, which

has been confirmed in many experiments on single-crystal Au surface [128, 129].

2.2.3 Influence of electrode potential on surface tension and surface stress

Compared to the interior atoms, the atoms on the surface show considerably different
interatomic interaction due to the absence of constraints from the neighboring atoms [130],
which leads to a redistribution of the atoms on, or near the surface [131]. The equilibrium
condition for surface atoms is modified with respect to the bulk, resulting in an excess energy
of the surface. Therefore, increasing of surface area requires to overcome the energy difference.
The surface area of a solid can be extended by two different modes. One is plastic deformation,
where the surface area increases by adding surface atoms at constant strain, e.g. division, during
which, the atomic structure of the surface remains identical. The other is elastic strain, where
the variation in surface area is achieved by changing the interatomic distance at constant number
of atoms, e.g. elastic stretching. Surface tension and surface stress are two concepts related to

these two different physical processes [132, 133].

Surface tension (y) is defined for a one-component system as the excess free energy per
area required form a new surface at constant structure [132, 133], where the chemical potential

(u;), temperature (7) and elastic strain (€) is constant:

oF 2.1)

Y= (a_As)ui,T,s

where OF is the variation in excess free energy, d A, is the variation in surface area, and ¢ is the
tangential strain tensor at the surface. The surface tension is a scalar quantity representing the

excess free energy per unit area owing to the existence of a surface.

In contrast, the surface stress (S) is associated with the work spent in elastically stretching

an existing surface of a solid [134, 135]. According to Shuttleworth, s is given by:

0 22
s=yl+a—z 22)

Since the s is dependent on the direction of the straining, sis a second-rank tensor. I is the
second-order identity tensor, and y represents the surface free energy per unit area (surface

tension) of the strained surface.

In addition, equation 2.2 is equivalent to a simpler form introduced by Cahn [136] using

Lagrangian coordinates that defined relative to crystal coordinates, where the surface area is
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measured in the undeformed state, thus dA; = 0. The surface stress (s) in Lagrangian
coordinates then results in the strain derivative of the surface tension:

Loyt (2.3)

> T %

Equation 2.3 emphasizes that the value y" of the function and its derivative s" are
thermodynamic parameters with fundamentally different meaning which can take on

independent numerical values [135].

In the case of isotropic straining and high symmetry surfaces, we can use a scalar surface
stress, f, which is associated with half the trace of the surface stress tensor s (f = %tr(s)), for
conciseness [135].

If a polarizable solid electrode is immersed in an aqueous electrolyte and charged by

potentials, the response of surface tension to the changes in the electrode potential (dE) can be

described by the Lippmann equation at constant T, u;, and € [133, 137, 138]:

dy (2.4)
(E)Mi,T,S =—q
Considering the capacitance of the double-layer (c = dq/dE) is potential-independent, the
variation of surface tension Ay shows parabolic dependence on the charge density (g) during
capacitive charging, as shown by the results of cantilever-bending experiments with an Au
electrode in 7 mM aqueous NaF in Fig 2.4 [137]. It is seen that the maximum value of surface

tension is at the potential of zero charge (pzc).

1 1 qz (2.5)
Y = Vpze = Ay = EC(E - Epzc) = _E?

In contract to the surface tension, surface stress, f, exhibits linear dependence on the

surface charge near the pzc. The variation of surface stress with the charge density is given by:

df 2.6
¢= (E) ©iT.E (2-6)

f- fpzc =Af =¢q (2.7)
Where ¢ is a electrocapillary coupling coefficient.

Based on the results shown in Figure 2.4 [137], it can be found that the amount of variation
in f is much larger than the corresponding amount of variation in y, and the value of the

electrocapillary coupling coefficient ¢ in Figure 2.4 is —1.95+ 0.1 V.
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Figure 2.4. Variation of the surface stress, f (red dots), and surface tension, y (blue solid line,
data multiplied by 10 for better readability), with superficial charge density q during the
potential scans, measured from a cantilever-bending experiment with a gold electrode in
aqueous NaF (7mM). The parameter y is computed from the voltammogram data using
Lippmanns equation, while f results from the curvature data and Stoneys equation. The blue

dashed lines shows the estimated error in integration of Lippmanns equation [137].

2.3 The influence of surface states on properties of nanoporous

materials

As mentioned in 2.2.3, the energy of surface atoms is higher than the energy of interior
atoms since the surface atoms have fewer neighboring atoms, as shown in Figure 2.5 (a) [130].
Even though the structure of the surface is different from the internal structure, the influence of
the surface on the overall properties of a solid is typically weak, since the ratio of the number
of surface atoms to the total number of atoms is generally considerably low. However, the
percentage of surface atoms increases significantly as the sample size decreases to nanoscaled
[130]. As shown in Figure 2.5 (b), the percentage of surface atoms reach to 20% when the
diameter of nanowire is less than 10 nm. Hence, nanomaterials, such as nanoparticles,
nanowires, as well as cellular ceramics and nanoporous metals composed of nanoscaled struts,
show a quite high ratio of surface area to volume or mass. For example, the specific surface
area of NPG with ligament size of 10-20 nm made by dealloying reaches 10-15 m?g™!, which is
3~5 x 10° times larger than the bulk solid gold with a size of millimeter-scale [139, 140].
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Figure 2.5. (a) Schematic diagram of the surface atoms with the absence of constraints from

neighboring atoms. (b) Percentage of surface atoms as a function of nanowire diameter [130].

For nanomaterials with high specific surface area, the contribution of surface can not be
ignored and sometimes it plays a dominant role in the overall properties of materials [141-143].
It was found that many nanoporous materials exhibit interesting behaviors controlled by surface
of interface modification [1, 144]. The surface state can be changed irreversibly by depositing
a thin film of the second material on the struts surface [ 145, 146], or controlled reversibly using
elctrochemical method when the surface is exposed in a electrolyte, as mentioned in the last
section. Both of them play significant roles for optimizing the properties of nanoporous metals.
In this section, we are focusing on the influence of surface state on the functional and

mechanical responses of nanoporous metals.

2.3.1 Functional behavior

It was found that reversible strain of NPG was measured when the sample was alternately
exposed to ozone and carbon monoxide atmosphere where the surface can be switched between
the oxygen-covered and clean states [139]. In addition, when nanoporous metals, such as NP
Pt, NP Pd and NP Au, are immersed in an electrochemical environment, the surface condition
of samples can be changed, such as from clean to adsorption state, by applying a varying
potential [2, 147-151]. In this case, the sample undergoes isotropic expansion and contraction
as potential varies in a certain range. The amplitude of potential-driven strain is around 0.3%~1%
mainly dependent on the ligament size. The dimension change of NPG under electrochemical
potentials, as displayed in Figure 2.6 (a), indicated that the actuation response is reversible [2,
152]. Moreover, the sign of dimension change of NPG in response to the oxygen adsorption
was found to be dependent on the external load [153]: increasing load can lead to a significant
decrease in the amount of actuation and even inverting of its direction. This functional behavior
chemically or electrochemically controlled by surface state is resulting from the variation of

capillary force, here the surface stress [152, 154-156]. The surface stress of a solid tuned by the
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surface state can modify the compensating bulk stress, resulting in a dimension change

throughout the bulk when the specific surface area of the sample is large.

The change of surface stress of NPG in an electrolyte is not only able to convert the
electrochemical energy into a mechanical energy, but also to convert mechanical energy into
electric energy. As shown in Figure 2.6 (b) [3], an application of cyclic strain on NPG immersed
in an electrolyte causes a measurable variation of voltage (at constant charge) or current (at
constant potential). This behavior gives NPG a new property, piezoelectricity, a phenomenon
usually found on ceramic materials. Additionally, NPG shows a great catalytic activity for

methanol electrooxidation [157].
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Figure 2.6. Functional behaviors of NPG with a ligament size of 20 nm in an electrochemical

environment. (a) Dimension change of NPG under potential jumps in 50 mM H>SO4 solution

[2, 152]. (b) Oscilloscope traces of potential (blue) and current (red) modulation due to a cyclic

strain (black) at a frequency of 5 Hz [3].

2.3.2 Mechanical behavior

The influence of the surface state is not limited to the functional performance, but also
affects the mechanical behavior, which has been attracted much attention since 1940s [158-
163]. Environmental effects, such as hydrogen embrittlement and stress corrosion cracking,
have been observed on conventional metals in many investigations [27, 164]. The early studies
done by Rehbinder and his associates, have shown that the plastic behavior of nanocrystals are
sensitive to the surface states [158, 165]. When a metal is exposure to liquids with surface-
active substance, the adsorption occurring on metal surface will cause a decrease in yield stress

and rate of work-hardening (called “Rehbinder effect”), which is associated with the decrease
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in surface energy accompanying surface adsorption. This would facilitate the escape of
dislocations from crystals and the growth of surface microcracks during deformation [158].
Additionally, it was found that the anodic or cathodic polarization exhibits significant influence
on creep behavior of gold wire, depending on the composition, oxygen content and pH of the

solutions [166, 167].

In the case of nanoporous metals, especially NPG, the effect of surface on elastic and
plastic response becomes notable because of their high specific surface area. It was turned out
that the dynamic fracture behavior of NPG showed dependence on the electrode potential [168].
Increasing electrochemical potential in the double-layer region can increase the creep rate of
NPG, while the presence of oxygen adsorption does the opposite: weakening the creep rate
[169]. Apart from that, the effective stiffness increased by ca.10% if the surface of ligaments is
charged in an electrolyte and covered by an oxide monolayer, owing to the contribution of

surface excess elasticity [23].

The most impressing is the influence of the surface state on the effective mechanical
strength of NPG. An improvement of strength and hardness up to 50% caused by surface
modification with self-assembled monolayers was observed [170]. In other studies, plastic
behavior of NPG is sensitive to the electrochemical potentials. It was found that flow stress can
be modulated by potential jumps within the regime of capacitive charging [171]. Moreover, the
variation of strength is more noticeable when the applied potential is sufficiently positive to
generate oxidation adsorption on surface [24, 171, 172]. As the compressive stress-strain curve
of NPG measured in 1 M HCIO4 shown in Figure 2.7 [24], the flow stress was simply tuned by
applying potential jumps where the two potentials refers to double-layer surface state and
oxidation adsorption , and this modification is reversible which was not found in conventional
metals. In particular, the strength can be doubled by surface adsorption at the strain of around

0.4, while the extent of the increase in flow stress is dependent on the ligament size [172].

A recent study [171] suggested that the effect of surface tension (i.e. specific surface excess
energy), rather than surface stress, dictated the variation of flow stress under potentials control
in the capacitive region. Yet much debate remains regarding the mechanisms that couple
plasticity and electrochemical surface adsorption on NPG. Two possible mechanisms might
contribute to the improvement of the strength [24, 159, 160]. One hypothesis, proposed based
on the plastic behavior of ionic crystals affected by environments, is associated with the
variation of surface tension [160]. Potential changes from capacitive to OH adsorption region

can cause a significant decrease in surface tension of NPG, which has been found in many
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studies [135, 171]. Since the cross-gliding of the screw dislocations during plastic deformation
is opposed by the surface energy of the step created via dislocation motion, the reduction of the
surface tension induced by potential variation promotes cross-slip, resulting in dislocation
multiplication and producing pinning points hindering dislocation movement, consequently,
leading to an increase in flow stress [160, 173]. Another possible scenario is the “adsorption
locking” mechanism [24, 159]. The adsorption species induced by potential have an impact on
the elastic interaction of dislocations near the surface. During plastic deformation, the
adsorbates bonded to the ligament surface are likely to block the subsequent motion of
dislocations via pinning the dislocation’s endpoints at the surface, resulting in strengthening
materials [159, 167, 174]. This effect is similar to the effect of Cottrell clouds observed in

conventional solid solutions.
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Figure 2.7. Compressive stress-strain curve (red) of bulk NPG with ligament size of 20 nm
under potential jumps control in 1M HCIO4 aqueous solution, where 1.03 V and 1.48 V refer to
clean and OH-covered surface state, respectively. Another stress-strain curve (black) measured

at constant potential of 1.03V plotted for comparison [24].

Most of experiments focused on mechanical properties coupled with the electrochemical
potentials were carried out at the macroscale, while a better understanding of underlying
mechanism requires the corresponding testing at the microscale since the surface variation

occurs on the nanoscaled ligaments surface. Additionally, effects of microstructure aspects on
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the electro-chemo-mechanical coupling are unclear, which can be investigated with the

assistance of in sifu micromechanical experiments.
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Sample preparation and methods

3 Sample preparation and methods

3.1 Electrochemical systems and potential control

3.1.1 Electrochemical cells

The three-electrode electrochemical cells, where the interested reactions occur on the
interface between electrodes and electrolyte, were utilized in this thesis for nanoporous gold
(NPG) fabrication and to modify the surface state of the sample during in sifu micromechanical
testing. All the cells were manufactured out of chemically inert materials, available for a wide
range of aqueous solutions. Three electrodes: working electrode (WE), counter electrode (CE)
and reference electrode (RE) were immersed in the electrolyte during electrochemical
experiments. The schematic diagram of an electrochemical cell for the dealloying is shown in

Figure 3.1.

Different types of electrolyte were chosen here for experiments according to different
purposes. 1M HCIOg, prepared by diluting a standard high concentrated HC104 (Merck, Alfa
Aesar) with ultrapure water (Ultra Clear TWF UV TM, Siemens), was used for NPG fabrication
(dealloying and the subsequent reduction). In addition, the electrolyte for in situ
micromechanical testing is 0.5 M NaF that is made from NaF powder (Merck) and ultrapure

water, in order to minimize potential damage to the nanoindentation system.

Our samples, where the electrochemical event of interest occurs, serve as WE in the
electrochemical systems. For instance, the WE for dealloying and electro-chemo-mechanical
measurement are master alloy AuxsAgrs and NPG, respectively. During experiments, the
potential of WE that we applied is with respect to the potential of RE that should be made of
materials with fixed and stable potentials. The RE used for NPG fabrication is custom-made
Ag/AgCl electrode. It is prepared by electrolytic coating of AgCl on a Ag wire (WE, Ag >
99.99%, Alfa Asesar) with diameter of 0.5 mm in 1M HCI, where a constant potential of 0.95
V with respect to another coiled Ag wire (serving as CE and RE) was applied on the WE for 2
minutes. For in situ testing, a commercial Ag/AgCl electrode with 2 mm diameter (Driref-2,
World Precision Instruments) was selected as RE, since its size was fit for the corresponding
electrochemical cell. Both of REs were calibrated by Standard hydrogen electrode (SHE,
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Gaskatel) or Saturated calomel electrode (SCE, Radiometer analytical) before use, in order to
make sure the accuracy and stability. The CE, where the electric current flows, should be inert
and its surface area is generally larger than the surface area of the WE. In order to avoid the
reactions generated at the CE interfering with the reactions occurring at the WE we are
interested in, polarizable electrodes, behaving like capacitors, where there is no charge crossing
electrode-electrolyte interface when a current is applied, are general used as CE. In the current
work, Ag coil (Ag>99.99%, Alfa Asesar) and carbon net (Kynol Europa GmbH) served as CE
for dealloying and reduction, respectively, while platinum (Pt) wire (Pt > 99.9%, Sigma-
Alorich) was chosen for in situ testing because its size is fit for the electrochemical cell. All the
electrochemical experiments in this thesis were performed at room temperature and three
electrodes described above were connected to a high-performance potentiostat (PG-STAT
302N, Metrohm AUTOLAB) through which the potential and current can be controlled and
recorded by NOVA software (Metrohm).
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Figure 3.1. Schematic diagram of a three-electrode electrochemical cell for dealloying. WE:
working electrode (Ag7sAuzs); RE: reference electrode (Ag/AgCl); CE: counter electrode
(coiled Ag).
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3.1.2 Electrochemical methods

3.1.2.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a technique used for studying and characterizing the oxidation
and reduction processes of an electrochemical system. During CV measurement, the current of
an electrochemical circuit is recorded while the electrode potential of WE against RE is
changing cyclically between two preset potentials at a constant scan rate. The reactions
occurring on WE induced by the variation of potentials can be reflected by the current-potential
curves (CV curves). A CV curve of NPG with ligament size of 35 nm in 0.5 M NaF, where
potential varied with a rate of 5 mV/s is illustrated in Figure 3.2. The potential imposed on NPG
started with open circuit potential (OCP), increasing to 1.4 V, then decreasing to -0.2 V, finally
coming back to the starting point. All electrode potentials mentioned in this paper are specified
versus standard hydrogen electrode (SHE). The most significant features of CV curves of NPG
were two peaks where the surface state changed reversibly: OH adsorption peak associated with
the formation of an OH monolayer at positive potential, and desorption peak, i.e. the stripping
of that monolayer, at negative potential. The region after monolayer desorption is called
capacitive region where an electric double-layer is formed on the interface of gold and
electrolyte. Basing on that, the potential window of adsorption and desorption of NPG is
recorded, through which we are able to change the surface states by selecting appropriate

potentials.

(b)
r OH
L=35nm adsorption
scan rate: 5mV/s

capacitive

- region
desorption
0 100 200 300 400 500 600 -0.3 0.0 0.3 0.6 0.9 1.2 1.5
Time (s) Esne (V)

Figure 3.2. Cyclic voltammogram (CV) measurement of NPG at room temperature in the small
electrochemical cell used for in situ mechanical testing. (a) Potential (Esur) waveform with the
scan rate of 5 mV/s, starting with 0.4V; the lowest potential and the highest potential are -0.2
and 1.4 V, respectively. (b) CV curve of NPG with ligament size of 35 nm measured in 0.5 M

NaF using the cell for electro-chemo-mechanical coupling testing.
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3.1.2.2 Chronoamperometry

Chronoamperometry is an electrochemical method by which a constant potential or
potential jumps can be applied on the WE, and the inducing current as a function of time is
recorded. The current shows exponential decay with time, as shown in Figure 3. 3. In the current
work, chronamperometry was used for dealloying, during which a constant potential of 1.25 V
is applied on a master alloy (AgrsAuzs, WE) in order to remove the Ag element and generate
nanoporous network structure. Apart from that, potential jumps consisting of -0.2 Vand 1.4V,
where these two potentials are selected according to the CV curve shown in Figure 3.2 (b) and
refers to electric double-layer and OH adsorption state, respectively, were imposed on the NPG

sample during in situ micro-mechanical testing, in order to change the surface conditions of

NPG.
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Figure 3.3. Potential jumps consisting of -0.2 V and 1.4 V applied on NPG samples via
chronoamperometry during in situ micromechanical testing. (a) Potential versus time curve. (b)

Variation of current under potential jumps.

3.2 Sample preparation

Three types of samples, bulk NPG with cylindrical and disc shapes, and NPG thin films
are used in the current work. Cylindrical samples, which are easy to fix and move during

fabrication, especially in the processes of mechanical polishing and dealloying, were used for
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micromechanical testing in Chapter 4. In the case of in situ experiments, in order to minimize
the actuation of the substrate and meet the testing requirements, which will be detailed in
Chapter 5.2.2 and 6.1.1, respectively, disc-shaped samples and NPG thin films are used for
micromechanical testing in an electrochemical environment in Chapter 5 and 6. In this section,

the emphasis lies in the fabrication processes of these NPG samples.

3.2.1 Bulk NPG

3.2.1.1 Precursor alloy

The master alloy used for fabrication of bulk NPG in current work was a AuxsAgys alloy,
which was produced from Ag and Au wires (Ag > 99.99%, Au > 99.99%, Sigma-Aldrich) by
arc melting (MAM-1 Edmund Biihler) under Ar atmosphere, followed by a homogenized
annealing procedure at 850°C for 120 h in vacuum (customized furnace setup). The AuzsAgrs
ingots were shaped into wires of 1 mm and 2.3 mm diameter via wire drawing, and then cut
into cylindrical (diameter: 1 mm, height: 2 mm) and disc-shaped (diameter: 2.3 mm, thickness:
700 um) samples, by a wire saw (Model 3032, Well Diamond Wire Saw). The schematics of
these two samples are illustrated in Figure 3.4. Afterwards, the specimens underwent
mechanical grinding and one-side polishing, using diamond pastes with consecutively
decreasing particle size down to 3 um. This process reduced the thickness of the disc-shaped
samples to approximately 300 um. In order to diminish the residual stress, samples were
subsequently annealed at 800°C for 1h in Ar atmosphere (infrared furnace behr IRF 10, Labor
Technik).

(@) — (b)

2.3 mm
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0.7 mm

cylindrical sample disc-shaped sample

Figure 3.4. Schematics of (a) cylindrical (diameter: 1 mm, height: 2 mm) and (b) disc-shaped
(diameter: 2.3 mm, thickness: 700 um) AgzsAuns samples.
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3.2.1.2 Electrochemical dealloying

Bulk AuxsAgrs master alloys, obtained from the preparation procedures described above,
serving as WE, were dealloyed electrochemically in a three-electrode electrochemical cell, as
shown in Figure 3.1. The electrolyte chosen here was 1M HClO4 aqueous solution diluted from
a standard high concentration HCIO4 (60%, Merck, Alfa Aesar) with ultrapure water (Ultra
Clear TWF UV TM, Siemens). An Ag coil and a custom-made Ag/AgCl wire electrode (+0.505
V vs. SHE) served as CE and RE, respectively. During dealloying, a constant potential of 1.25 V
was applied on samples, which induced dissolution of Ag in the electrolyte, resulting in
formation of the nanoporous network structure. The dealloying process was stopped when the
current decreased to a value lower than 10 pA. This process lasted several hours for both of
these two samples. After dealloying, the color of samples changed from silver to dark brown,
indicating structured sizes below the wavelength of visible light. The samples were cleaned

repeatedly using ultrapure water.

Although most of the Ag content has been dissolved in the electrolyte during dealloying,
there are still approximately 10 at. % Ag left in samples after the first dealloying step. In order
to remove the residual silver, samples after cleaning were transferred to another electrochemical
cell which was filled with fresh 1M HCIO4 diluted from a higher concentration HCIO4 (70%,
Merck, Alfa Aesar, super pure) for the reduction treatment. The CE and RE used for this process
were carbon net and a custom-made Ag/AgCl electrode, respectively. A cyclic varying potential
from 0 V to 1.5 V was imposed on NPG specimens for 15 successively cyclic scans at a scan
rate of 5 mV/s. Finally, NPG specimens were cleaned by rinsing in ultrapure water, and were
dried in air. The average of ligament size of cylindrical and disc-shaped NPG after fabrication
is around 35 nm, which was measured by linear intercept method from scanning electron
micrographs (SEM) images using ImagJ software. During measurement, four of straight lines
were drawn though the SEM images, as shown in Figure 3.5 (a), and the number of ligament
boundaries intersected by each line was counted. The average ligament size is obtained through
dividing the number of intersections by the actual line length. There is no residual Ag content
that can be detected by Energy-Dispersive X-ray spectroscopy (EDX) detectors equipped with
SEM after NPG fabrication, indicating that the Ag residual in NPG after fabrication is below

0.1 wt. % what corresponds to the sensitivity of this machine.

3.2.1.3 Structure coarsening
The ligament structure of cylindrical and disc-shaped NPG samples can be adjusted from

tens to thousands of nanometers by post-annealing, which has been confirmed in many works
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[9, 12, 63]. During annealing, the porous structure coarsens via surface diffusion controlled by
the temperature and time [175]. As mentioned above, the ligament size of as-dealloyed NPG is
around 35nm. Here, NPG samples with larger ligament size of 50 nm, 200 nm and 350 nm were
obtained by consecutive thermal annealing in a furnace (infrared furnace IRF 10, behr Labor
Technik) at 300°C for 12 min, 60 min, and 500°C for 60 min in air, respectively. The SEM
images of bulk NPG with ligament size of 35 and 350 nm are shown in Figure 3.5 (b) and (c).
As can been seen, these two porous structures exhibit similar geometry characteristics, except

for the feature size.
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Figure 3.5. (a) An example of the ligament size estimation by the linear intercept method. SEM
images of NPG surface structure with ligament size of (b) 35 nm and (c) 350 nm obtained by

dealloying and post-annealing, respectively.
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3.2.2 Thin film NPG

3.2.2.1 Precursor alloy

Another precursor alloy film (thickness: 2.5 um) was prepared via deposition from a
commercial AuxsAgrs target (purity: 99.99%, Sindlhauser Materials) on a cuboid pure Au
substrate (length: 2 mm, width: 1.4 mm and height: 1.7 mm, Au > 99.99%, Sigma-Aldrich) by
a DC magnetron sputtering device. The Au substrates were cleaned by argon plasma etching,
and then transferred via a load lock to the sputter chamber where the base pressure is below 4E-
7 mbar. During deposition, the working pressure in the sputter chamber is 5.5E-3 mbar
established by a constant flow of 7 SCCM (standard cubic centimeter per minute) of argon
(purity: 99.99%). Sputtering was performed at a constant power of 50 W, and the distance
between the sample and target is around 15 cm. The thickness of the film can be altered via
control of sputtering time. Here, AuzsAgzs films with 2.5 pm thickness used in this work were
generated by 90-minute sputtering procedure. The schematics of thin film and Au substrate is

illustrated in Figure 3.6.
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Figure 3.6. Schematic of NPG thin film with thickness of 2.5 pm deposited on a cuboid pure

Au substrate using sputter device.

3.2.2.2 Dealloying

After sputtering, AuzsAgys films together with the Au substrate were transferred to an
electrochemical cell for dealloying and subsequent reduction treatment, the processes of which
are the same as that used for the fabrication of bulk NPG, as described in the last section.

Dealloying of a NPG thin film lasted around 10 min, which is very short compared to the
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corresponding time for bulk NPG (several hours). The SEM image of surface structure of a
NPG thin film after synthesis is presented in Figure 3.7 (a). Apparently, the nanoporous
structure of NPG is homogeneous, similar to the structure of bulk NPG, and the average

ligament size is around 25 nm.

Figure 3.7. SEM images of the network structure of NPG films with different ligament size (L).
(a) L=25 nm fabricated by electrochemical dealloying in 1M HClO4 at room temperature. (b)
L=200 nm fabricated by free corrosion in 3.585 mol/L HNO3 at 80°C.

Unlike bulk NPG, whose ligament size can be tuned by heating treatment while the network
structure is maintained, as mentioned in section 3.2.1, annealing causes high stress that
accompany extensive sintering and cracks in NPG film samples due to the constraints from the
bulk Au substrate. Therefore, the coarse structure (ligament size: 200 nm) of a NPG film was
fabricated through another dealloying protocol, namely free corrosion, where the master alloy
was dealloyed in a 3.585 mol/L HNOs3 aqueous solution diluted from a standard concentrated
HNOs3 (65%, Carl Roth) at 80°C for 3 hours. The temperature of HNOs3 solution during
dealloying was controlled using a refrigerated bath circulator. The corresponding SEM image
of the coarse structure with a ligament size of 200 nm is displayed in Figure 3.7 (b). Clearly,
numerous grain boundaries are observed on the ligament surface, as marked by the red cycles.
These grain boundaries might come from the master alloy with fine or ultrafine crystals, which
can be verified by the EBSD and XRD results presented in the following section 3.3.1, since
the dealloying process is thought not to change the orientation structure [176]. Apart from that,
a recent study focusing on the structure development of NPG during annealing revealed that

some particles detachment and reattachment during structure coarsening can lead to the
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formation of new grain boundaries [177]. Similar to the bulk NPG, no residual Ag content in
NPG thin films can be detected by Energy-Dispersive X-ray spectroscopy (EDX). Since
ligament size does not rise with increasing the time of free corrosion, 200 nm is the maximum

size we can achieve by this method.

The information of all the NPG samples synthesized by different methods used in the

current work are summarized in Table. 3.1.

Table 3.1. NPG samples fabricated by different methods

Sample Shape Fabrication Post- Ligament size
P P method annealing (nm)
/ 35
_ 300°C/12 min 50
cylinder . )
bulk electrochemical | 300°C/60 min 200
NPG dﬁ‘gf&“ﬁ lr’;(}mM 500°C/60 min 350
disc- temperature / 35
shaped 500°C/60 min 300
/ 25
NPG free corrosion in
. rectangle
thin film 8 3.585 mol/L / 200
HNO:s at 80°C

3.3 Materials characterization

3.3.1 Microstructure characterization

Scanning electron microscopy (SEM, FEI Nanolab 200) was employed to characterize the
microstructure of the samples. After NPG samples synthesis, they were mounted on a SEM stub
made of stainless steel using gold paste (Plano). The secondary electron images of NPG were
obtained using Everhart Thornley detector (ETD) in field-free mode while the Thru-the-Lens
detector (TLD) in immersion mode is employed for high-resolution images. Here, the focused
working distance is 5 mm, and the accelerating voltage of the beam is 10 kV. The overview of
network structure, the shape and the size of ligaments can be characterized and analyzed by

SEM.

In addition, more comprehensive information regarding the microstructure of samples can
be gained if the SEM instrument is equipped with other detectors, such as Energy-Dispersive

X-ray (EDX) and Electron Backscatter Diffraction (EBSD) detectors. With EDX technique, the
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chemical elements of samples were analyzed qualitatively and quantitatively according to the
characteristic X-ray emission from samples stimulated by the electron beam. Here, the amount

of residual Ag content in NPG samples after preparation was analyzed by EDX.

EBSD technique, providing crystallographic information of materials, has been widely
employed in many scientific investigations. Employing that, crystal orientation maps of bulk
AusAgrs alloy and AuzsAgrs thin films, as shown in Figure 3.8, were analyzed in this thesis.
During the measurement, the focused working distance was around 10 mm and the sample was
tilted to 70°. It is seen that the orientation map of the bulk master alloy is clear and the
corresponding grain size is around 20~30 pm, while many blind spots are observed on the
orientation map of thin films made via sputtering as a result of the weak Electron Backscatter

Patterns, which might be because the grain size of such samples is below the resolution of EBSD.

Figure 3.8. Electron Backscattering Diffraction (EBSD) orientation map of (a) bulk AgrsAurs
alloys and (b) AgxsAurs thin films surface before dealloying.

Since the crystallographic information of the thin films can not be characterized accurately
by EBSD technique, the X-ray diffraction (XRD) was employed for analysis of the orientation
and grain size of these two types samples before dealloying, the results of which are shown in
Figure 3.9. As can be seen, bulk AgrsAurs and AgrsAuss thin films show a strong intensity in
(111) planes, implying a texture with <111> perpendicular to the sample surface. The sharp
peak in this planes observed from these two types samples indicates coarse grains existing along
the thickness direction of the samples. However, the diffraction peaks in other planes of thin
films, such as (200) and (311), broadens and their intensity decreases dramatically, comparing

to the corresponding peaks of bulk samples. This reveals that the grains size of thin films in
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terms of other directions is much smaller. The grain size in plane direction probably is similar
to the small size of the non- <111> oriented grains perpendicular to the film surface because
the texture development is restricted to the growth direction of the films. Since the dealloying
process does not change the microstructure of the sample, the discrepancy of grain size might

be attributed to the different fabrication methods of the master alloys.
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Figure 3.9. X-ray diffraction patterns of intensity vs. the scattering angle, 260, of disc-shaped
bulk AgzsAurs (black line) and AgasAurs (red line) thin films before dealloying using a Cu

anode.

3.3.2 Micropillar fabrication

NPG micro-pillars used for micromechanical testing were produced by means of focused
ion (gallium) beam (FIB) milling installed on SEM. After focusing well with a working distance
of 5 mm, samples were tilted to 52° where the ion beam was vertical to the sample surface.
Adjustment of beam shift made the electron beam and ion beam centered on the same region of
the sample, as shown in Figure 3.10 (a), so that we could select the positions of interest from

the SEM images rather than imaging with the FIB which would damage our samples.

Cylindrical micropillars were milled out of the polished surface of different bulk NPG
samples and NPG films with different ligament size using annular milling technique, which

utilizes circular ring patterns [178]. The ion beam remains perpendicular to the sample surface
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throughout the entire preparation process. In order to decrease the milling time, the machining
process followed two steps, as shown in Figure 3.10 (b), where the ion beam was operated at
30 kV. First, a pillar with a diameter several microns larger than the desired dimension was
obtained via a ring pattern cutting at a current of 3 nA. The height of the pillar was controlled
by the cutting time closes to the targeted height. The outer diameter of the pattern is around 45
um, three times larger than the diameter (15 um) of the indentation flat punch, in order to
prevent touching between flat punch and surrounding material during compression, and to
enable observed the bottom of pillars when SEM imaging. In the second step of the milling
process, another ring pattern, whose inner diameter is identical to the desired diameter, was
applied on the pillar obtained from the first step, using a lower milling current ranging from 1
to 0.1 nA, dependent on the final diameter of the pillar, to control the final shape and limit the
amount of ion-induced damage. It took approximately 20 to 40 min for the fabrication of one
pillar. The annular milling carried out here with the “single-pass” mode, where the ion beam
scanned over the pattern once only during the cutting, resulting in a higher sputter yield and

help to avoid redeposition on the sidewalls of the pillars [57, 179].

(b)

18t ring pattern
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-

sample surface sample surface sample surface

Figure 3.10. Schematics of (a) the SEM-FIB system for the annular milling and (b) two-step
FIB milling patterns for NPG pillars fabrication.
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The SEM image of a pillar with a diameter of 8 pm and a height of 22 um cut following
the milling processes described above is shown in Figure 3.11. It is seen that the network
structure of the pillar is homogeneous and there is no obvious redeposition observed on the
structure. The geometry of the pillar is critical for analyzing compression data. The shape of
such a pillar is not an ideal cylinder, the diameter at the bottom of the pillar is a little larger than
the diameter at the top of the pillar, which usually exists on pillars obtained by the annual
milling method even though the cutting current of the ion beam is comparably small. The taper
angle of pillars is around 1°, which causes little variation in axial stress along the pillar during
deformation, but it can help to support the pillar if there is misalignment existing between the
pillar and the flat punch. The height of the pillar is defined as the vertical distance between the
pillar top and the underlying material, while the diameter is defined as the diameter at the middle
of the pillar height. The aspect ratio of pillar diameter to height is around 1:3, and pillars will

not be used in the experiments once their aspect ratio is below 1:2 or above 1:4.

Figure 3.11. SEM image of NPG pillars with diameter of 8 pm and height of 23 um fabricated
by FIB annular milling.

Since each pillar has two varying length-scales, microstructural length-scale (ligament size,
L) and deformation length-scale (pillar diameter, D), the ratio a=D/L is used in the current work
as a characteristic parameter to couple these two length-scales of the pillars. All the information
regarding pillars with varying a, used in this work, is illustrated in Table. 3.2. By varying the
ligament size and pillar diameter, the a of pillars used for mechanical testing without electrolyte
in Chapter 4 ranges from 6 to 160, while the corresponding range of pillars used for electro-

chemo-mechanical coupling is from 7.5 to 228. Due to the compliance of the pillars with coarse
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structure, a contact problem occurs between the pillar and flat punch during compression in situ

in the electrolyte when a<7.5, which negates the testing of samples with lower a.

Table 3.2. Information regarding all the pillars with varying ratios (a=D/L) of pillar diameter

(D) to ligament size (L)
Samples used for | Ligament  Pillar diameter, _ .
pillar fabrication | size, L (nm) D (um) a=D/L Experiments
8 160
4 80
50
2 40 hanical
! 20 m.ec ar1.1ca
g testing without
cylindrical NPG 20 57
g 53 electrolyte
Chapter 4
350 4 B (Chapter )
3 8.5
2 6
8 228
35
4 114
disc-shaped NPG 150 8 53
. 3 26 electro-ch.emo-
4 13 mechar.ncal
coupling
55 2.5 100 (Chapter 5 and 6)
) 1.5 60
NPG thin films
8 40
200
1.5 7.5

3.3.3 Nanoindentation-based micromechanical testing

Nanoindenter, as one of the most commonly employed instruments on small-scale
mechanics, allows us to conduct micromechanical testing under different conditions to measure
elastic and plastic behaviors of a large variety of materials. Due to its high resolution, the
fundamental mechanisms of deformation and the effects of microstructure on mechanical

behaviors can be studied via nanoindentation testing.

With different types of the indenter tip, such as Berkovich and flat punch, nanoindentation,

microcompression and microbending testing can be carried out by nanoindenter. In this thesis,
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we focus on nanoindentation and microcompression experiments of NPG with and without an
electrochemical environment. While Berkovich indentation testing is a convenient method to
quantify hardness and elastic modulus, it does not allow the measurement of stress-strain
behavior. Furthermore, in porous materials, it is complicated due to the impact of the

densification.

Nanoindentation and microcompression testing in the air were conducted by Nano XP
indenter (MTS), since it has great loading and displacement capabilities, where the maximum
force and displacement of the instrument can reach are 500 mN and 20 pum, respectively.
Mechanical testing in situ in an electrolyte was implemented by the TI 980 Triboindenter
(Bruker). This device provides a multifunctional sample stage, on which the electrochemical
cell can be installed. Additionally, the large space of the chamber reduces the risk of touching

the indenter tip when refreshing the electrolyte during testing.

3.3.3.1 Nanoindentation

Instrumented indentation testing was implemented on bulk NPG samples using a
Berkovich tip made from diamond, in order to measure hardness and elastic modulus. Samples
were loaded at a constant strain rate of 0.05/s to the desired displacement, holding for 10 s at
the peak load prior to unloading. The schematic diagram of nanoindentation and a typical load
(P)-displacement (h) curve are shown in Figure 3.12 (a) and (b). Assuming that only elastic
deformation recovery occurs at the beginning of unloading, according to the Oliver-Pharr
method [180, 181], the elastic modulus of the sample can be calculated from the contact
stiffness (S) which is defined as the slope of the upper portion of the unloading curve and

expressed as:

dP 2
5=a;ﬁ$§NZ (3.1)

where [ is a constant that depends on the geometry of the indenter (f = 1.034 for a Berkovich

indenter). A is the contact area which is dependent on the geometry of indenter tip and

indentation displacement, and it is expressed by the following approximation:
A=Coh? + Cih, + Coh? + C3hY* + - + CghM/ 1?8 (3.2)

where Cj ... Cg are constants determined by curve-fitting procedures. Considering the

P . : : . :
2= h. is the vertical distance along which contact is made (contact

amount of sink-in, hy = € <

depth), as shown in Figure 3.11 (a), which is given by:
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Pmax (33)
S

he = hpax — €

where h,y, 4, 1s the displacement at the maximum load (P4, ) during loading, € is a geometric

constant (e = 0.75 for Berkovich indenter).

E, is the effective elastic modulus defined by equation 3.4, representing the elastic modulus

of the system (including indenter and sample):

1 1-9% 1-9?
S n i (3.4)
E, E E;

where E and E; are the elastic modulus of sample and indenter, respectively, ¥ and 9; are
Poisson’s ratio of sample and indenter, respectively. According to the results of
microcompression and molecular dynamics simulation reported in some studies [69, 109, 115],
the Poisson’s ratio of NPG is close to 0 because of the densification during deformation. Based

on the equation 3.4, the elastic modulus of the sample can be determined.
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Figure 3.12. Nanoindentataion testing. (a) Schematic diagram of nanoindentation testing on
bulk NPG sample with a Berkovich indenter. (b) Typical load (P) - displacement (h) curve.
The hardness (H) of the sample is determined from:

Pmax
H = 35
A (3-5)

With the Continuous Stiffness Measurement (CSM) option applied simultaneously, the
contact stiffness of the sample during loading can be measured continuously by imposing an
oscillation signal with a fixed frequency on the loading signal and analyzing the resulting

displacement signal. Thus, the elastic modulus as a function of displacement were obtained,
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which is useful for characterizing the varying mechanical properties of the sample during
deformation. The CSM mode with oscillation amplitude of 2 nm and frequency of 45 Hz was
applied on all the nanoindentation testing in the current work to track the change of elastic

modulus of NPG.

3.3.3.2 Microcompression

Compression testing on micro-pillars can be carried out using the nanoindenter outfitted
with a flat punch. In this thesis, the mechanical behaviors of NPG pillars fabricated by FIB
milling with and without an electrochemical environment is studied through microcompression
testing. During testing, pillars were compressed at a constant strain rate (0.001/s) to around 25%
strain, holding at the peak load for 10 s before unloading. The schematic diagram on

microcompression on NPG is illustrated in Figure 3.13 (a).
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Figure 3.13. Microcompression testing. (a) Schematic diagram of compression on NPG pillar

using a flat punch. (b) Compressive load (P)-displacement (h) curves before and after correction.

During testing, the raw load (P.,,,) and displacement (h,.4,,) data of microcompression
were recorded directly by the software. After the identification of the point of surface contact,
the load on pillar (B,) is obtained after compensating the force exerted by the spring that support

the indenter shaft:
Pp = Praw — Kshyaw (3.6)

where K; is the stiffness of the supporting spring that is determined at the factory. Based on

that, the engineering stress (o) of the deformed pillar is calculated directly:
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_ 4P,

-5 (3.7)

o

where D is the diameter of pillar.

However, before calculating the engineering strain (&), the raw displacement (h,,, ) needs
to be corrected since it includes the displacement of the load frame and the substrate material.
During testing, the pillar acts like a punch penetrating into the substrate material, resulting in a
displacement of below the pillar. Since the substrate material (NPG) here is the same as the
pillar, this leads an significant displacement. Therefore, the contributions from the load frame
of the indenter and the underlying material of the pillar need to be subtracted from the raw

displacement. Based on that, the displacement of pillar (h,) is determined by:

hp = hraw - hsurface - hLF - hsubstrate (3-8)

where hyqy — Rgyrrace Was calculated by the software automatically after surface finding
correction. h;r and hgypsirate are displacement of load frame and substrate material,

respectively, and they are calculated by the following two equations [182]:

P,

hp == (3.9)
LF SLF
(1-9%)P
hsubstrate = Tp (3.10)
ottom

where S, is the load frame stiffness. E and 9 are elastic modulus and Poisson’s ratio of
the substrate, respectively, and Dpytrom 18 the diameter at the bottom of the pillar. The load-
displacement curves before and after correction are shown in Figure 3.13 (b). The engineering
strain € was calcuated using the corrected displacement (h,,) and the initial height (H,) of the

pillar:
=1 (3.11)

The elastic modulus (E) of the pillar, defined as the slope of the stress-strain curve in the
elastic deformation, can be estimated from the slope of the upper portion of the unloading stress-
strain curves where we assume that only elastic recovery occurs.

do
E = 3.12
»=1; 3.12)
The E,, of the pillar can also be calculated from the dynamic contact stiffness of pillar (S,)

that is measured basing on the CSM mode, as shown in equation 3.13. The oscillation amplitude
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and frequency of the CSM mode applied for microcompression here were 2 nm and 45 Hz,

respectively, as was used for the Berkovich nanoindentation test.

o _do_ dP 4H, _  4H,
p_de_dhanz_ P D2

(3.13)
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4 Intrinsic and extrinsic size effects in the

mechanical behavior of nanoporous gold

The “smaller is stronger” size effect of conventional metals is well established for decades.
In the case of NPG with a complex network structure, the influence of microstructural length-
scale (intrinsic size) on mechanical properties has been found in many studies, while less
research focused on the impacts of the deformation length-scale (extrinsic size). Recent
investigation in hierarchical NPG [21], where the interconnected ligaments are themselves
nanoporous, indicated that the overall mechanical behaviors are strongly dependent on both the
upper and lower hierarchical length scales, which implies that both the extrinsic and intrinsic
size effects need to be considered in describing mechanical behavior of NPG, especially when
there are only several ligaments involved in the network structure. In this chapter,
nanoindentation and microcompression testing were carried out on NPG samples. By varying
both micropillar diameter and ligament size, the coupled influence of microstructure length-

scale and sample size on mechanical responses of NPG was investigated here.

4.1 Microstructure and micropillars of NPG

Cylindrical NPG samples (diameter: 1 mm, height: 2 mm) with nominal ligament sizes of
35 nm, 50 nm, 200 nm and 350 nm were used in this chapter for nanoindentation and
microcompression testing. The NPG cylinders were synthesized by electrochemical dealloying,
which yields a ligament size of around 35 nm, while coarser structures were obtained via post-
annealing treatment, as described in Chapter 3.2.1. SEM images of NPG samples with ligament
sizes of 35 nm, 50 nm, 200 nm and 350 nm were shown in Figure 4.1(a)-(d). The method of
estimating the ligament size of the network structure is detailed in Chapter 3.3.1. As can been
seen, the porous network structure exhibits similar geometry characteristics, except for the
feature size, suggesting that NPG appears to coarsen in a self-similar way, in good agreement
with the corresponding results in [9, 114, 183, 184], where the morphological and topological
features of the 3D volumes of NPG reconstructed by FIB tomography were found to be nearly

invariant during annealing.
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Micropillars with diameter (D) ranging from 1 to 8 pm and from 2 to 20 pm were produced
in the polished surface of NPG samples with nominal ligament size (L) of 50 and 350 nm,
respectively, utilizing FIB annular milling. Details regarding the machining processes were
presented in Chapter 3.3.2. By varying the ligament size and pillar diameter, the ratio (a=D/L)

of pillars used in this chapter can be changed from 6 to 160, as summarized in Table. 3.2.
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Figure 4.1. SEM images of cylindrical NPG surface with different ligament size (L) obtained
by electrochemical dealloying and post-annealing. (a) L=35 nm; (b) L=50 nm; (c) L=200 nm;
(d) L=350 nm.

The SEM images of pillars with different o were shown in Figure 4.2. It is seen that all of
pillars show excellent bicontinuous porous structure, and no significant redeposition caused by
FIB milling is observed, even at the smallest values of . The number of ligaments included in
the pillars decreases considerably with decreasing o for a fixed ligament size, resulting in a
decrease in the number of load-bearing units. That is to say that the number of interconnected
rings providing structural support and thus contributing to the to the mechanical behavior

decreases with decreasing o, as shown in Figure 2.2 [115]. It is important to note that the base
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of all pillars can be observed clearly from the SEM images, which helps us to determine the
height of the pillars simply and accurately, since any errors in height estimation can lead to

inaccuracies in the stress-strain analysis of compression.

Figure 4.2. NPG micropillars with varying ratio (a) of pillar diameter (D) to ligament size (L).
(a) D=8 um, L=50 nm, a=160. (b) D=8 um, L=350 nm, a=23. (c) D=4 um, L=50 nm, a=380.
(d) D=4 um, L=350 nm, a=11. (€) D=2 um, L=50 nm, a=20. (f) D=2 um, L=350 nm, a~6.
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4.2 Micromechanical behavior of NPG

4.2.1 Nanoindentation

Nanoindentation, as a micromechanical technique with less requirement for sample
preparation, has been widely used in many investigations to characterize the elastic and plastic
behaviors of materials. In this chapter, Berkovich nanoindentation combined with the
continuous stiffness measurement (CSM) mode with an oscillation of 2 nm and a frequency of
45 Hz, was performed on bulk cylindrical NPG samples with different ligament size, in order
to study the effects of ligament size on the elastic modulus and hardness. The details of
experimental processes and the corresponding calculations are described in Chapter 3.3.3.
During testing, a diamond Berkovich indenter tip penetrates into the sample surface at a
constant indentation strain rate of 0.05/s until reaching the desired displacement, the load is
held constant for 10s prior to unloading. The load-displacement curves of NPG with ligament
size of 35, 50, 200 and 350 nm, are shown in Figure 4.3 (a). A strong dependence of the load-
displacement curves on the ligament size is observed, load increasing with decreasing ligament
size for the same displacement, agreeing well with the corresponding results in [62, 185]. Note
that the final displacement for each curve is less than the displacement at the peak load due to

the elastic recovery during unloading.

The corresponding results of elastic modulus and hardness of NPG as a function of
nanoindentation displacement measured dynamically with CSM mode are shown in Figure 4.3
(b) and (d). As observed in both plots, at the beginning of testing (below ~ 200 nm depth
regime), elastic modulus and hardness are extremely high, and then they decrease dramatically
until reaching a plateau after indentation displacement larger than 800 nm. This nanoindentation
size effect in the sub-micrometer depth regime, which also was found in other bulk materials
[186], is sometimes attributed to strain gradients, where the large strain gradients in small
indentations result in geometrically necessary dislocations that lead to increased hardening [54,
187]. This is less applicable to nanoporous materials. Rather, issues with determining the true
area of contact may lead to inaccuracies in the analysis of H and E. In any cases to circumvent
this size effected displacement regime, we selected the measured values corresponding to
displacement ranging between 2500 and 3500 nm to estimate the average of elastic modulus
and hardness of NPG with different ligament sizes. The calculated results are presented in
Figure 4.3 (c) and (e). Apparently, ligament coarsening causes a noticeable decrease in both
elastic modulus and hardness. As the ligament size increases from 35 to 200 nm, the elastic
modulus decreases from 0.79 to 0.14 GPa, and there is a reduction in hardness from 0.04 to
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0.006 GPa. However, since the influence of coarse ligaments on dislocation movement is weak,

the size effect is not evident in samples with ligament size between 200 and 350 nm.
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Figure 4.3. Berkovich nanoindentation results of NPG with different ligament size of 35, 50,
200, 350 nm, respectively. (a) Load-displacement curves. (b) Dynamic elastic modulus and (d)
hardness measured under continuous stiffness measurement (CSM) mode during testing. The

average (c) of elastic modulus and (e) hardness as a function of ligament size.
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4.2.2 Microcompression

A set of microcompression tests were conducted on pillars with varying diameter (from 20
pum to 1 um) and different ligament size of 50 nm and 350 nm, at room temperature using a
nanoindenter outfitted with a flat punch tip. The engineering stress-strain curves were calculated
from load-displacement curves recorded directly by the instrument. With continuous stiffness
measurement (CSM) mode, the dynamic contact stiffness was measured during compression,
which can be used for determining the variation elastic modulus over the testing. Details
regarding the compression process and corresponding calculations are described in Chapter

3.3.3.

Microcompression results of pillars with varying ratio (a=D/L) of diameter (D) to ligament
size (L) were shown in Figure 4.4. The engineering stress-strain curves displayed in Figure 4.4
(a), where pillar diameter (D) ranges from 8 to 1 pm sufficiently larger than the ligament size
(L=35nm), are identical, in agreement with the corresponding results in [60], indicating no
influence of pillar diameter on the flow stress when a of pillar varies between 160 and 20. The
transition from elastic to plastic deformation can be observed clearly on the flow stress curves.
The elastic modulus, as displayed in Figure 4.4 (b), increases significantly with increasing strain
during deformation, which is owing to the densification of the porous structure. Yet, it is
insensitive to the variation of o, consistent with the trend of flow stress. The SEM images of
pillars with a=160 (D=8 um) and a=20 (D=1 um) before and after compression, as presented
in Figure 4.4 (c) and (d), respectively, confirms that pillars experience a uniform deformation.
Additionally, no evident difference in diameter of pillar before and after compression is
observed, i.e. the transversal strain is nearly zero during compression, implying the Poisson’s

ratio of this NPG sample is close to zero, consistent with results in [64, 115].

In contrast, the corresponding mechanical results of pillars with ligament size of 350 nm,
where diameter changes from 20 to 8 um, shown in Figure 4.4 (e)-(h), exhibit differences. Here,
the corresponding o is smaller ranging from 57 to 6. No distinguishing transition from elastic
to plastic deformation is observed on the stress-strain curves, as shown in Figure 4.4 (e),
indicating that plastic deformation occurs immediately at the beginning of compression, in
agreement with the macrocompression results presented in [16, 109]. The stress-strain curves
displayed in Figure 4.4 (e), reveal that the reduction of a from 57 to 23 does not cause a great
variation in flow stress, while a varies from 23 to 6 leads to a significant decrease in flow stress.
It declines from 10 to 5 MPa at strain e=0.27 with decreasing o from 23 to 6, where pillar

diameter varies from 8 to 2 pum, indicating a significant effect of deformation length scale
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(extrinsic size) on the mechanical response. There are several drops on the stress-strain curve
when o is around 6, implying the existence of non-uniform deformation and plasticity
instability. The elastic modulus as a function of strain, plotted in Figure 4.4 (f), shows the same
trend as the flow stress. Although the degree of noise on the measurement of stiffness rises with
the reduction of a, the influence of o on the elastic modulus still can be inspected clearly on
these curves. Comparing SEM images of pillars before after compression shown in Figure 4.4
(g) and (h), the pillar with a=23 (D=8 um) undergoes an expected uniform deformation
dominated by compression, while the pillar with a=6 (D=2 um) seems to experience a mixture
deformation of torsion and compression. This discrepancy might be due to the structural

heterogeneity.

In order to further investigate this interesting behavior coming from such small structures
with low a, we go into more detail on the stress-strain curves and the SEM images of pillars
with a=8.5 (D=3 um, L=350nm) and a=6 (D=2 um, L=350nm). As shown in Figure 4.5 (a),
stochastic behavior of flow stress is observed for the pillar with a=8.5, the flow stress of one of
the pillars is extremely lower than that of others, and it keeps a quite low state until the strain
reaches 0.23. Comparing the corresponding SEM images displayed in Figure 4.5 (¢) of two
pillars showing different flow stress responses, no significant discrepancy in the structure is
found. Although all pillars are fabricated from the same bulk NPG sample, the position of each
pillar on the polycrystalline NPG is selected randomly, resulting in a local geometry or
orientation of pillars is different from each other. Some load-bearing units with low connectivity
or locating at a favorable deformation position governs the mechanical response and cause the

lower flow stress.

Furthermore, another more distinct non-uniform deformation was found when « is around
6. The corresponding stress-strain curves and SEM images of pillars are shown in Figure 4.5
(b) and (d), respectively. Although a is identical, the pillars exhibit totally different responses
to the external load. It is seen that the flow stress of one of the pillars is more than two times as
high as the stress of others and even higher than the flow stress of pillar with larger a=8.5 shown
in Figure 4.5 (a). Interestingly, the SEM images of pillars before and after compression, as
shown in Figure 4.5 (d), indicate that the load-bearing units (i.e. the closed rings consisting of
interconnected ligaments contributing to mechanical properties of the porous structure, as
described in Chapter 2.1.3) of one of the pillars are incomplete. This suggests that the size of

the load-bearing units is close to 6 times the corresponding ligament size.
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Figure 4.4. Compression results of NPG pillars with varying ratios (a=D/L) of pillar diameter
(D) to ligament size (L). (a)-(d). Compression results of NPG pillar with ligament size of 50
nm; (a) Engineering stress-strain curves and (b) elastic modulus of pillar with a ranging from
160 to 20; SEM images of pillars with (c) a=160 and (d) a=20 before and after compression.
(e)-(h). Compression results of NPG pillar with ligament size of 350 nm; (¢) Engineering stress-
strain curves (f) elastic modulus of pillar with a ranging from 23 to 6; SEM images of pillars

with (g) a=23 and (h) a=6 before and after compression.
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Figure 4.5. Compression results of NPG pillars with different ratios (a) of pillar diameter (D)
to ligament size (L=350 nm). Engineering stress-strain curves of pillars with (a) a=8.5 (D=3
um) and (b) a=6 (D=2 um). SEM images of pillars with (c) a=8.5 and (d) a=6 before and after

compression.

4.3 Discussion and conclusion

4.3.1 Discussion

Our nanoindentation and microcompression testing results indicate that both ligament size
and pillar diameter have a significant influence on the elastic and plastic behaviors of NPG
within certain ranges. It was found that reducing the ligament size from 350 to 35 nm can
considerably enhance the elastic and plastic properties of NPG. This is consistent with results
in other studies [16, 36, 62]. Furthermore, according to microcompression results of pillars
with varying ligament size (L) and pillar diameter (D), as shown in Figure 4.4, the flow stress
and elastic modulus at strain €=0.16 of pillars as a function of a =D/L (a relative values of the
geometric and microstructure length-scales) is summarized in Figure 4.6. Apparently, both flow
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stress and elastic modulus exhibit the same trend in the range of a from 160 to 6. They stay
nearly constant for a fixed ligament size when the a of the pillar is larger than 20. Stress is
around 17 MPa for L=50 nm and 5.5 MPa for L=350 nm, while elastic modulus remains ~1 and
0.6 GPa, respectively. Conversely, for the pillars with a lower than 20, where the corresponding
ligament size is 350 nm, flow stress and elastic modulus shows a significant decrease with
decreasing a. In addition, stochastic behavior and non-uniform deformation were found in
pillars with o less 10. The basis for these size effects can be explained in terms of the reduction

of connectivity and ligament size distribution, as will now be discussed.
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Figure 4.6. (a) Flow stress and (b) elastic modulus at strain e=0. 16 of pillars with varying ratio
(a,) of pillar diameter (D) and ligament size (L). These data are captured from the stress-strain

curves and elastic modulus displayed in Figure 4.4.

Cutting a column of finite size out of the monolithic NPG sample will cause a change in
the constraints of the ligaments at the column sidewall, as shown in Figure 4.7, which leads to
the increase of isolated and dangling ligaments. Thus, the number of interconnected ligaments
that contribute to the connectivity density and mechanical properties relative to the accessible
total number of ligaments decreases with decreasing a, resulting in the reduction of the amount
of the load-bearing units. In the case of the pillars with sufficiently high o, the amount of
connectivity reduction induced by cutting is sufficiently small compared to the total value,
hence no influence of pillar diameter on the mechanical behavior, as shown in Figure 4.6. Yet,
a change can be observed when a drops below 20, both strength and elastic modulus of NPG
with L=350 nm decrease considerably with decreasing a from 23 to 6. This size effect is
opposite from the conventional size effect of “smaller is stronger” found on massive metals [57]

that is associated with dislocation movements during deformation. This points to the importance
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of connectivity density in determination of elastic and plastic properties of nanoporous

materials.
dangling ligaments
FIB cutting A, induced by cutting
NPG NPG

Figure 4.7. Schematic of a pillar cut from a bulk NPG sample by FIB milling, where some

ligaments change from the interconnected to the dangling state caused by cutting.

Further reduction of the pillar size, e.g. a <10, might produce the samples with few or even
no complete load-bearing units, as shown in Figure 4.8. It could cause an increase of anisotropy
in the structure. As a consequence, any failure of the local structure with the weakest load-
bearing units dominates the response to the external load, resulting in stochastic behavior or
even mechanical instability, as stress-strain curves and SEM images of pillars with o=8.5 and
6 shown in Figure 4.5. In addition, according to the results of the structural analysis on NPG in
[114], the ligament size distribution of the network structure fabricated by electrochemical
dealloying is broad, revealing that there might exist a discrepancy in the average ligament size
for pillars with such low a. This could be another factor leading to the irregular mechanical

behavior since the deformation behavior is found to be highly dependent on the ligament size.

Based on the discussion above, a critical ratio of =20 was determined, above which the
test structure can be considered a representative volume element (RVE) of bulk NPG resulting
in a reproducible and uniform mechanical response. When « is lower than 20, the compression
results of pillars with coarse structure (L=350 nm) reveal that the flow stress and elastic
modulus decrease with decreasing diameter of pillars. The stochastic behavior is observed along
with non-uniform deformation and failure when a decreases below 10. This size-dependent
strength NPG pillars found here is consistent with the corresponding compression results of Al
foams [20, 188], where the strength also shows a decrease with decreasing ratio of sample size
to cell size when the sample is smaller than the RVE. However, due to the structural discrepancy
between Al foams with elongated millimeter-scaled cells and NPG with random and nanoscaled
ligaments, the critical ratio («=20) of RVE found here is different from the corresponding
critical ratio (a=8) of the Al foam. Furthermore, the critical ratio (a=15) of RVE of NPG
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identified by Hu et al. in [114] is a little smaller than the value found in current work. It might
be attributed to the different ways of characterization. The RVE defined in [114], as the
minimum size above which a set of structural parameters showed minimum variation, is based
on the quantification analysis of structural parameters of NPG. Of course, this value holds only
for those parameters and does not ensure the mechanical behavior is reproducible. Here, the
ratio of RVE is determined via analysis of the results of the mechanical response and structural

morphology of pillars.

(a) 1 (b) ()

3 load-bearing units 1 load-bearing units no load-bearing units

Figure 4.8. Schematics of NPG pillars with (a) 3, (b) 1 and (c) without load-bearing units (closed

load-bearing rings).

4.3.2 Conclusion

In the current chapter, the impact of microstructural length-scale and deformation length-
scale on mechanical response of NPG were studied by carrying out nanoindentation and
microcompression testing on bulk NPG samples and micropillars fabricated by focused ion
beam milling, respectively. By varying the ligament size (L, from 1 to 20 um) and pillar
diameters (D, between 50 and 350 nm), the ratio (a=D/L) of pillars can be changed from 6 to
160. The micromechanical results indicated that increasing ligament size can lead to a
significant decrease in elastic modulus, hardness and strength. Based on the microcompression
results of pillars with varying a, it was found that both flow stress and elastic modulus showed
independence on the pillar diameter for o higher than 20, while they decreased with decreasing
pillar diameter for L=350 nm when a is below 20. According to this, a critical ratio (a =20) was
defined here, above which the test structure with L=350 nm can be considered a representative
volume element (RVE) of NPG resulting in reproducible mechanical responses and uniform

deformation. Furthermore, stochastic mechanical behaviors along with non-uniform
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deformation and failure controlled by the local structure were observed when a decreases below

10. implying that this ratio is close to the corresponding ratio of the load-bearing units .
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S Electro-chemo-mechanical coupling of NPG at the

microscale

Coupled electro-chemo-mechanical measurements on macroscopic NPG samples indicate
that the mechanical behaviors of NPG can be modulated reversibly by electrochemical
potentials application [23, 24], which in turn shows that mechanical properties can be tailed for
various applications. Yet gaining a definitive understanding of structural correlations to the
behavior is challenging due to the complex structural geometry and length-scales involved. The
accomplishment of mechanical measurement in situ in an electrochemical environment is a key
step toward this goal. In this chapter, we introduce a new experimental approach to investigate
the elastic and plastic behaviors of NPG under electrochemical potential at the micro-scale
using a modified nanoindentation setup, and then make a comparison with the corresponding
results at the macroscale. Note that the NPG samples used here for the pillar fabrication are
disc-shaped, not the same as the cylindrical samples used in Chapter 4, to weaken the actuation

from the substrate material, as will be detailed in section 5.2.2.

5.1 In situ testing set-up and cyclic voltammogram measurement

of NPG

5.1.1 In situ testing set-up

The micromechanical testing in situ in an electrochemical environment was conducted by
a TI 980 Triboindenter (Bruker) incorporated with an electrochemical cell (Bruker) and high
performance potentiostat. The schematic diagram of the in situ testing setup as well as the
pictures of nanoindenter and electrochemical cell are displayed in Figure 5.1. The
electrochemical cell is installed mechanically on the stage of the nanoindenter, and the indenter
tip used for the testing is a flat punch with a length of 10 mm and a nominal diameter of 15 pm
fabricated from sapphire. The length of the plat punch used in current work is longer than the
standard in order to prevent the contact between the electrochemical system and the indenter

transducer. Sapphire is an electrical insulator at room temperature, and it is highly inert and
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resistant to chemical attacks in most electrochemical environments. The positions of each pillar

are selected and saved by means of optical microscopy.

0.5M NaF tip

NPG(WE) UCE
(c)

%)

potentiostat

Pt (CE)

indenter tip

0.5 cm
—

)‘

Figure 5.1. (a) Schematic diagram of the in situ setup for compression tests on micropillars of
NPG in the electrolyte where the potential is controlled by a potentiostat. (b) A picture of a
nanoindeter equipped with a tip of flat punch made from sapphire. (c) A picture of
electrochemical cell where NPG severs as working electrode (WE), while a commercially
available Ag/AgCl electrode and a Pt wire are used as reference electrode (RE) and counter

electrode (CE), respectively.

In the electrochemical system, the electrochemical cell made from inert materials can be
used in a variety of electrochemical environments. The disc-shape NPG sample is placed within
the center of the electrochemical cell, serving as working electrode, while a commercially
available Ag/AgCl electrode which is calibrated by a commercial calomel electrode (XR110,
Radiometer Analytical) before testing and a platinum wire are used as the reference electrode
(RE) and counter electrode (CE), respectively. While most of the macroscopic tests are carried
out in HCIO4 solution, 0.5 M NaF was preferably used here as to minimize potential damage to
the indentation system; NaF has been shown to serve equivalently for actuation of NPG [147].

Only a minimal amount of HF is present in the solution because NaF is a weak base in an
58



Electro-chemo-mechanical coupling of NPG at the microscale

aqueous solution and tends to remain as F-, rather than generating a substantial amount of HF.
The three electrodes are connected to a potentiostat (PG-STAT 302N, Metrohm AUTOLAB)
through which the potential applied on the NPG sample is controlled by NOVA (Metrohm)

software.

5.1.2 Cyclic voltammogram of NPG in 0.5M NaF aqueous solution

Prior to the electro-chemo-mechanical testing, a cyclic voltammogram (CV) is measured
to verify a sufficient electrochemical performance of the setup. A corresponding curve of NPG
with a ligament size of 35 nm measured in 0.5M NaF electrolyte with a scan rate of 5 mV/s is
presented in Figure 5.2. As can be seen, the maximum and minimum potential for the CV scan
is 1.4 V and -0.2V, respectively. All the electrode potentials mentioned in the work are specified
vs standard hydrogen electrode (SHE). The most prominent features of the CV curve are the
OH-adsorption peak associated with the formation of an OH- monolayer at positive potentials
and the desorption peak, i.e., the stripping of that monolayer at negative potential. Basing on
that, the potential window of oxidation adsorption and desorption is recorded, through which
we are able to change the surface states by selecting appropriate potentials. Here, we select two
potentials, 1.4 V and -0.2 V, demoted by “on and “off”, respectively, for concision, for the in

situ micromechanical testing to indicate OH- covered and clean surface, respectively.
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Figure 5.2. Cyclic voltammogram (CV) curve of NPG with ligament size (L) of 35 nm measured

in 0.5 M NaF electrolyte at a scan rate of 5 mV/s, scan direction as indicated by arrows.
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5.2 In situ microcompression

NPG pillars used for in situ compression testing are fabricated on disc-shaped NPG samples
(thickness: 300 um, diameter: 2.3 mm) rather than the cylindrical NPG samples used in chapter
4, in order to reduce the actuation of the substrate affecting the displacement measurement of
the pillar. Since the micocompression results in Chapter 4 reveal that the extrinsic size of pillar
has an influence on the mechanical responses of NPG when the ratio of extrinsic size to intrinsic
size decreases below a critical value, here we choose pillars with a high ratio a= 228 (ligament
size: 35 nm, middle-diameter: 8 um) to probe measurements of electro-chemo-mechanical

coupling at the microscale. Details regarding pillar preparation were described in section 3.3.2.

During in situ testing, pillars are compressed at a constant strain rate of 0.001/s under
potentials control. A target maximum displacement of 4500 nm was used, in part due to the
limitation of the nanoindenter displacement range. This displacement corresponds to a nominal
engineering strain of 20%, which provides sufficient strain range without leading to significant
densification, The latter could influence the flow of electrolyte through the structure when
carrying the experiments out in an electrochemical environment. The engineering stress-strain
curve was calculated from load-displacement curves using the diameter of the corresponding
pillar and correcting for the underlying substrate deformation, as described in section 3.3.3. The

elastic modulus was calculated from the slope of the initial 20% of data of each unloading curve.

5.2.1 Microcompression at constant potential

A set of pillars was compressed in air as well as in the electrolyte with the constant potential
-0.2 V (off) and 1.4 V (on), and the results are shown in Figure 5.3. Multiple partial unloading
was applied on pillars during the mechanical test in order to calculate the elastic modulus at
different stages of deformation. There, any given load-unload segment was carried out at a
single potential state, i.e., on or off. The engineering stress-strain curves, as exhibited in Figure
5.3 (a), measured in air and at -0.2 V are the same, which implies no influence from the
infiltration of liquid. The averaged yield strength, represented by the flow stress at 2%, from 5
micropillars is around 14.78+1.47 MPa in air and 14.87+£0.36 MPa at -0.2V, indicating high
reproducibility of the mechanical setup. However, the flow stress obtained with potential off
(referring to clean) and on (referring to OH™ coverage) including the unloading steps shows
strongly different behavior. The strength increased by 32% when OH™ is adsorbed on the
ligament surface, compared to the strength of an identical pillar with a clean surface. This agrees
well with the macrocompression results of similar samples in [24]. Interestingly, the width of
the hysteresis loop during the unloading steps increases with increasing strain.
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Figure 5.3. Results of microcompression with and without electrolyte in the pores of NPG with
ligament size of 35 nm and middle-diameter of 8 um. (a) Engineering stress-strain curves
measured in air, and at two constant potentials (1.4 V and -0.2 V) in 0.5 M NaF electrolyte. 1.4
V corresponds to ligament surface covered by OH monolayer, while -0.2 V represents a clean
surface. (b) The variation of elastic modulus was calculated from each unloading curve during
compression tests. SEM images of pillars are taken before and after compression (c¢) in air and

(d)at-0.2 V.

The variation of elastic modulus, E, as calculated from the slope of the initial 20% of data
of each unloading curve is illustrated in Figure 5.3 (b). It is apparent that E increases
significantly (from 0.51+£0.01 GPa to 2.75+0.05 GPa) during compression largely because of
the densification of the samples, where some dangling ligaments may come to contact with
other ligaments and become load-bearing units. Yet the effect of surface adsorption on E is not
observed in this experiment; the modulus as a function of strain is identical for both cases of
applied potential. The standard deviation of the determined elastic modulus measured from
three micropillars at each surface state is less than 3% at all stages of deformation. The precision
of the measurement is high enough that a change of Young’s modulus of 8% or more, as
reported in Ref. [23], should be clearly discernible. This discrepancy between micro- and
macroscale experiments might indicate a history dependence of the mechanism of stiffening, in
which the surface state and its possible change with the applied potential depend on its strain

path and applied load. The SEM images of two pillars before and after compression, as shown
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in Figure 5.3 (¢) and (d), confirm uniform deformation. It should be noted that the white
particles observed on the pillar surface are NaF in crystalline form originating from the
electrolyte after drying in air before transferring it into the SEM; it is not related to the

deformation of the pillar.

5.2.2 Microcompression under potential jumps

Microcompression behavior of pillars measured under potential jumps are also explored in
the current study. Initially, a standard single load-unloading function along with potential jumps
was imposed on the samples, and the corresponding results were shown in Figure 5.4. It is seen
that the variation of flow stress modulated by potential jumps shows the same trend as the
corresponding results at the macroscale. However, there is existing an unexpected time-
dependent flow stress when potential changes from off to on, and pronounced hysteresis in flow
stress when potential switches from on to off, which is attributed to the actuation of the substrate
materials. During in situ testing, the whole NPG sample is immersed in the electrolyte.
Therefore, any actuation resulting from the application of the potential will occur to the whole
sample, not just the pillar of interest. Based on the actuation results found in [147, 148], the
estimated length change of bulk NPG induced by the OH adsorption at high potential ranges
between 0.03 and 0.1% (mainly depending on the ligament size). This influence of actuation
induced by potential switching on the measured displacement is neglected in the deformation
of bulk samples, but cannot be ignored in micropillar experiments, in which the displacement
due to deformation is concentrated on the pillar but the displacement due to actuation originates

from the whole macroscopic sample.
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Figure 5.4. Engineering stress-strain curves of NPG with a ligament size of 35 nm measured in

air and under potential jumps using standard loading profile.
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In order to decouple the effects of deformation-induced displacements and sample
actuation, a unique load function profile was proposed for the compression tests, as shown in
Fig 5.5 (a). Here, five load-unloading cycles are used, each separated by a switching of the
applied potential in the unloaded condition. The 1st, 3™, and 5th cycles were performed at the
potential of -0.2 V, while the 2" and 4™ at the potential of 1.4 V. The corresponding engineering
stress-strain curve under potential jumps, and the schematics of the compression process
referring to the first three loading cycles are exhibited in Figure 5.5 (b) and (c), respectively.
During the first cycle, the displacement grows at the applied constant strain rate until it reaches
the set value, holding for 10 s prior to the unloading. After unloading, the flat punch is brought
out of contact with the sample surface, and held for 40 s, during which we change the potential,
here from off (-0.2 V) to on (1.4 V), allowing the expansion of the sample to occur without
putting additional load on the indenter tip. Then, the next loading cycle is applied on the pillar,
after that, the flat punch moves away from the sample surface again, followed by the second
switching of the potential from off to on and the induced contraction of the sample before the
3" Joading step. Due to the actuation of the whole sample, the displacement of the flat punch at
re-contact differs from the last unloading point: during a cycle with the potential at 1.4 V, the

indenter contacts the pillar much earlier, i.e. above the last contact point.

The stress-strain curves measured under potential jumps proved that the flow stress of NPG
can be tuned reversibly by electrochemical potentials, and the increase of flow stress when the
surface of the ligaments changes into an oxidized state is not based on variations of mechanical
properties of different micropillars. The observed variation of the flow stress after potential
jumps which scales with the actual flow stress at the already applied strain agrees well with the
results of macrocompression [57]. The SEM image of the pillar after compression, inset in
Figure 5.5 (b), indicate a uniform deformation despite the multiple changes of small length scale
and surface state during testing. Additionally, the white particles observed on the pillar surface

is the residual NaF crystals that is from the electrolyte, as mentioned in that last section.

We can decouple the actuation effect during compression by means of the multiple
unloading profile, but it makes the measured stress-strain curves complicated: there is an
overlap or interrupted region between the stress-strain curve of two adjacent cycles, such as the
curves for the 1% cycle and the 2" cycle represented in Figure 5.5 (b). In this case, such curves
can not describe the mechanical behaviors of the sample accurately. Therefore, we correct the
curve, as shown in Figure 5.6, by moving the starting point of each loading cycle to the ending

point of the last cycle, except for the first cycle. After correction, the total strain is larger than
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the previous, but it is closer to the real deformation behaviors of pillar. Furthermore, a
comparison of the flow stress and its changes with applied potential for both presented
approaches, constant potential, and potential jumps show a good agreement, suggesting good

reproducibility of these measurements.
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Figure 5.5. Results of in situ compression under potential jumps. (a) Applied loading profile.
(b) Engineering stress-strain curve of a pillar under potential jumps (starting with clean surface:
off-on-off-on-off) and constant potential (-0.2V). The inset is the SEM image of pillar after
compression under potential jumps. (c) Schematics of compression process under potential

jumps refer to the first three loading cycles.
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Figure. 5.6. Engineering stress-strain curves of NPG with ligament size of 35 nm measured

under potential jumps (a) before and (b) after actuation correction.

5.3 Discussion and conclusion

5.3.1 Discussion

The charging of the surface changes the surface energy, the surface stress, and can cause
surface adsorption, which leads to the variation of outer dimensions, i.e. actuation, and
mechanical performance of NPG simultaneously. Our results of electro-chemo-mechanical
coupling at the microscale reveal that oxidation adsorption on the ligament surface can enhance
strength significantly of NPG, and this variation can be tuned reversibly, which is consistent
with the corresponding results of bulk NPG [24, 172]. However, the elastic modulus of
nanoporous micropillars affected by electrical potential behaves differently: no dependence on
the surface coverage, which is different from the behavior of the bulk samples in 1M HClO4
[23]. The sample length scale, electrolyte and loading approach used in [23] is significantly
different to that in the present study. The in situ compression results of bulk NPG in 0.5M NaF,
where the stress-strain curve is measured by a mechanical testing machine and the elastic
modulus is calculated from the initial 20% of each unloading curve, as displayed in Figure 5.7
(a) and (b), agrees well with the corresponding results of micron pillars in Figure 5.3 (b). The
OH adsorption (1.4 V) enhances the strength while having no evident effect on the elastic
modulus. It reveals that a significant influence of the sample size on the change of elastic

behavior can be ruled out.

65



Electro-chemo-mechanical coupling of NPG at the microscale

(a) 70 (b)12 .
-0.2V 0.2V -0.2v -0.2V 0.2V -0.2V
< 60| _ 10t
o ©
250 5
2 o ol
Q40+ i .
g 30 § °l -
£ r =
S 4l e
520 K :
i 10| Hoap ."
0 L 1 " 1 1 0 ) l. - - 1 1 1
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Engineering strain Engineering strain
(c)75 (d)12
0.9v 0.9v 0.9V 0.9V 0.9V 0.9Vm
© | =10
g 60 g u
2 8t
é 45 K .
> s
30} = .
3 g 4r o
515/ 8 .
L|C_| L 2 | n
0 } } s n " et
1 1 L 1 0 1 L 1 1
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Engineering Strain Engineering Strain

Figure 5.7. Compression results of bulk NPG with ligament size of 35 nm under potential jumps
in 0.5M NaF and 1M HCIOs4, respectively. (a) Engineering stress-strain curve and (b) the
variation of elastic modulus calculated from each unloading curve in 0.5M NaF. (c¢) Engineering

stress-strain curve and (d) the variation of elastic modulus calculated from each unloading curve

in IM HCIOsa.

In addition, the process of electrochemical oxidation of a planar single-crystal Au surface
and the effect of specific adsorption of anions (such as SO4> and CI°) from the electrolyte on
the formation of the OH- monolayer has been investigated thoroughly [125, 128, 129]. The F-
and ClO4 are two kinds of anions with a strongly bound solvation shell, which induces only
weakly specific or even non-specific adsorption at the gold surface when the NPG is positively
charged [121]. We expect that the discrepancy of specific adsorption of F~ and ClO4™ should be
weak compared to the formation of an OH monolayer, which dominates the interaction between
gold and electrolyte in the oxidation region. In order to clarify whether the anion (F- or ClOy)
changes the electro-chemo-mechanical coupling, we carried out macro-compression testing of
NPG under potential jumps in 1 M HCIO4 (additionally to the ones in NaF) and presented the
results in Figure 5.7 (¢) and (d). The two potentials 1.5 V (referring to OH™ coverage or oxidized
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surface) and 0.9 V (referring to the clean surface) vs. SHE selected here correspond to the
maximum and minimum values of elastic modulus from dynamic mechanical analysis (DMA)
results, respectively. Yet the elastic modulus shows no obvious variation at these two different

surface states, which agrees well with the in situ compression results in 0.5 M NaF.

More likely, this difference might be caused by the different loading protocol, i.e. analyzing
unloading sections of the stress-strain curve and DMA testing during which the elastic modulus
was measured via analysis of the oscillatory load and displacement signals by a lock-in
amplifier while the potential was changed. The load state have a strong influence on the
variation of mechanical properties during the change of electrode potential for nanoporous
metals [153]. This points to the advantage of this micro-scale test setup which allows the

decoupling of the actuation and loading responses.

With decreasing sample size, the fabrication of the samples tends to become more
reproducible, i.e. it is considerably easier to fabricate identical and crack-free micropillars than
bulk samples in the same conditions [35]. Furthermore, the monolithic NPG with sample size
in the range of millimeters size used for macromechanical testing is polycrystalline [24], which
is different from pillars with a diameter of 8 pm used here, which can be considered as single
crystalline samples since the grain size of the master alloy is around 20~30 um. The position of
each pillar on the polycrystalline NPG is selected randomly and tens of pillars are fabricated on
one disc-shaped sample, thus the crystal orientation of each pillar might be different. In order
to explore the crystal orientation effect, we produced several pillars of NPG in specific crystals
which were identified by electron backscatter diffraction (EBSD) of the master alloy, as shown
in Figure 5.8 (a), since the sample retains its crystalline orientation structure during dealloying
[176]. Microcompression of these pillars was carried out in an electrochemical environment
under potential jumps using a multiple load-unloading profile as displayed in Figure 5.5 (a). It
was found that the stress-strain curves of pillars with (111) and (101) orientation, as exhibited
in Figure 5.8 (b), are identical, suggesting plastic behavior coupled with potentials is not
sensitive to these two crystal orientations. This is not surprising, because of the existence of a
large number of slip systems in face-centered cubic (FCC) metals, such as Au [57] and Cu
[189]. Moreover, the NPG micropillars even offer additional deformation modes, most
prominent ligament bending, which even further randomizes the orientation of the plastic

processes.
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Figure 5.8. In situ compression behaviors of micropillars (ligament size: L=35 nm, diameter:
D=4um, a=D/L=114) with different crystal orientations under potential jumps. (a) Electron
Backscattering Diffraction (EBSD) orientation map of AgzsAuzs master alloy before dealloying.
(b) Engineering stress-strain curves of pillars with (101) and (111) orientation measured under

potential jumps.

5.3.2 Conclusion

The first microcompression of NPG in situ in electrolyte and under potentials control was
carried out and described in the current chapter, which provides opportunities to investigate the
influence of microstructural aspects and sample size on the electro-chemo-mechanical coupling.
By means of a multiple load-unloading profile, we are able to decouple the actuation effect from
the impact of elastic strain when potential changes. The in situ compression results reveal that
the strength of a NPG pillar can be improved significantly with the OH monolayer coverage on
ligament surface and this variation is found to be reversible under potential jumps control,
which is in agreement with the corresponding behavior of bulk NPG. However, the elastic
modulus was found to be insensitive to the surface state, inconsistent with the bulk dynamic

mechanical analysis (DMA) results. The reason for this discrepancy is still not fully understood.
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6 Intrinsic and extrinsic size effects, and the
influence of the deformation history on electro-

chemo-mechanical coupling of NPG

Both microstructural length-scale (intrinsic size) and deformation length-scale (extrinsic
size) of NPG exhibit significant influence on mechanical behavior even without application of
an electrochemical environment, as confirmed in Chapter 4. In addition, in Chapter 5, the
electro-chemo-mechanical coupling measurement on NPG at the microscale was achieved
successfully using a modified indenter and a novel loading profile. The plastic response under
potential control is consistent with the corresponding macroscopic results. Inspired by the
results obtained in these two chapters, the focus now lies on the effects of ligament size and
sample diameter of NPG pillars on the flow stress coupled with electrochemical potentials via
in situ microcompression testing. The corresponding results are then compared with the results
of size effects without potential application, as shown in Chapter 4, which helps us further
understand the correlations between structure, chemical states and mechanical behaviors. The
impact of deformation history with a clean surface on the subsequent flow stress with surface

oxidation adsorption is also studied in this chapter.

6.1 Intrinsic and extrinsic size effects on the electro-chemo-

mechanical coupling

As mentioned in Chapter 5.2.2, disc-shaped bulk NPG samples, rather than cylindrical
samples used in Chapter 4, were used for the pillar fabrication for the testing of electro-chemo-
mechanical coupling, in order to reduce the actuation of the substrate that has a significant
influence on the displacement measurement of pillars. In this chapter, in addition to the disc-
shaped samples, pillars are also milled on the NPG thin films, where the substrate of the pillar
is massive Au rather than a porous structure. The information regarding all the pillars used in

this chapter is illustrated in Table. 3.2.
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6.1.1 In situ microcompression of pillars fabricated on the disc-shaped NPG

Pillars, with a diameter of 8 um and 4 pm, as shown in Figure 6.1, were machined on disc-
shaped NPG samples with a ligament size of 35, 150 and 300 nm, where the ratio (a) of pillar
diameter to ligament size ranges between 228 and 13. Then they were compressed at 0.001/s
constant strain rate under potential jumps in 0.5 M NaF aqueous solution, using the multiple
load-unloading cycles that is the same as the loading profile in the last chapter, as displayed in

Figure 6.2 (a), and “off” and “on” refer to clean and OH covered surface state.

The in situ compression results of pillars with the same diameter of 8 um but different
ligament size are displayed in Figure 6.2 (b)-(e). As can be seen, engineering stress-strain curves
show the same variation trend in response to potential jumps, a considerable increase in strength
with OH adsorption and reversible changes with altering surface conditions. However, the
overall strength decreases considerably with ligament size increasing from 35 to 300 nm, in
agreement with the compression results without electrochemical environment in chapter 4.
Furthermore, in order to address the effect of ligament size on the variation of flow stress
induced by oxidation adsorption, we calculate the relative change of flow stress induced by
electrode potential variation (Ag/d,rr = (Oon — Gofr)/0off), as shown in Figure 6.2(b), it
determined as a change of flow stress for potential switching from off to on normalized by g, 5.
The Ag/o,f as a function of ligament size are plotted in Figure 6.2 (e). It is seen that the
relative variation of stress shows strong dependence on the ligament size, it decreases from
33.4% to 10.24% at a strain £=0.07 as the ligament coarsens from 35 to 300 nm. This might be
attributed to the significant decrease of the specific surface area of NPG with increasing

ligament size that results in the reduction of OH coverage thus weaken the interface effects.

Apart from that, in situ compression results of pillars with different diameter, where a=D/L
ranges from 228 to 13, are illustrated in Figure 6.3. No obvious variation on stress-strain curves
shown in Figure 6.3 (a)-(d) was observed when the ligament size is the same, either 35 or 300
nm. The reduction of pillar diameter from 8 to 4 pm has no influence on flow stress coupled
with potential jumps. Furthermore, the results for relative variation of flow stress induced by
surface adsorption (Ag/d,ff) calculated based on the stress-strain curve shown in Fig 6.3 (a)-
(d) as a function of « at the strain e=0./7 was shown in Figure 6.2 (e). It further confirms this
point: Ag/a, s 1s not sensitive to the reduction of pillar diameter even though a varies from 26

to 13.
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e

Figure 6.1. Micropillars (fabricated from disc-shaped NPG samples) with varying ratio (a) of
pillar diameter (D) and ligament size (L). (a) D=8 um, L=35 nm, a=228. (b) D=4 um, L=35
nm, a=114. (¢) D=8 um, L=150 nm, a=53. (d) D=4 um, L=150 nm, a=26. (e) D=8 um, L=300
nm, a=27. (f) D=4 um, L=300 nm, o.=13.
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Figure 6.2. Compression results of pillars with the same diameter of 8 pum but varying ligament
size under potential jumps. (a) Multiple loading profile, potential on and off refer to 1.4V and -
0.2V, respectively. (b)-(d) Engineering stress-strain curves of pillars with ligament size of 35,
150 and 300 nm, respectively. (¢) Relative variation of flow stress (Ag/o,sr) induced by

electrode potential variation (here mainly due to adsorption) at strain e=(0.17 as a function of

ligament size.
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Figure 6.3. Compression results of pillars with the different ratios () of pillar diameter (D) to

ligament size (L) under potential jumps. (a)-(d) Engineering stress-strain curves of pillars with

a of 228 (L=35 nm, D= 8um), 114 (L=35 nm, D= 4um), 26 (L=300 nm, D= Sum) and 23

L=300 nm, D= 4um), respectively. (¢) Relative variation of flow stress induced by electrode

potential variation (Ag/g,rs) of pillars at strain £=0.17 as a function of a. Details of the

calculation is examplized in Figure 6.2 (b).
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It should be noted here that the load is not constant in the period of displacement holding
between two loading cycles where the flat punch does not contact the sample, due to the load
limitation of the nanoindenter system (Bruker) used here. The variation of load over holding
can be neglected compared to the compression load working on the pillars with a diameter larger
than 4 um, but it affects considerably the load measurement when the diameter decreases to 2
um or even smaller, as shown in Figure 6.4, where the change of load during the holding region
is comparable to the measured load. Therefore, in order to further explore the external sample
size effect, the electro-chemo-mechanical measurement of smaller volumes will be carried out

on pillars fabricated on NPG thin films, which will be described in the following section.

0.06

L=35nm, D=1um, a=28

i 2(on)

load is not constant

0.04 | during holding

..........

0.02 -

Load (mN)

5(off)
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-600 -400 -200 0 200 400 600 800
Displacement (nm)

Figure 6.4. A load-displacement curve of a pillar with a ligament size (L) of 35 nm and diameter
of 1 um (D) measured under potential jumps, using the multiple load-unloading profile shown

in Figure 6.2 (a).

6.1.2 In situ microcompression on pillars fabricated on NPG thin films

Due to the limitation of the multiple load-unloading profile for the pillars with diameter
lower than 2 pm, as described in the last section, pillars fabricated on NPG thin films with a
thickness of 2.5 um were used in this section to further investigate the impact of pillar diameter
on the electro-chemo-mechanical coupling. The ligament size of NPG thin films is 25 and 200

nm, and the corresponding synthesis processes can be found in Chapter 3.2.2.

Micropillars with a diameter of 8§, 2.5 and 1.5 pm were machined on NPG thin films with
ligament size of 25 and 200 nm, where the ratio (a) of pillar diameter (D) to ligament size (L)

varies from 100 to 7.5. SEM images of these pillars are shown in Figure 6.5. Apparently, the

74



Intrinsic and extrinsic size effects, and the influence of the deformation history on
electro-chemo-mechanical coupling of NPG

substrate material of all pillars has been exposed after cutting, and the base of the pillars can be
observed clearly, which helps us measure the height of the pillars accurately. As can be seen,
the amount of ligaments contained in a pillar decreases considerably with decreasing a. The
height of all pillars is equal to the thickness of the NPG film (~ 2.5 um), leading to the aspect
ratio of height to pillar diameter of these pillars varies from 0.3 to 1.67, lower than the
corresponding ratio (~3) of pillars cut from bulk NPG samples. The low aspect ratio will
increase the possibility of barreling during deformation if the friction between the pillar and the
substrate is high. Since the substrate material is pure massive Au rather than NPG, there is no
significant actuation effect from the substrate when the potential changes, neither from off to
on or from on to off, different from the pillars machined on the bulk NPG samples, as shown in
Figure 6.1. In this case, the electro-chemo-mechanical coupling of such small pillars can be
measured via a single load-unloading function, as shown in Figure 6.6 (a), where the flat punch
stays in contact with the pillar surface over the whole compression testing, i.e. no unloading
and holding periods during testing, which avoids load fluctuations induced by the

nanoindentation system that affect the measurements.

Figure 6.5. SEM images of pillars with different ratio (&) of pillar diameter (D) to ligament size
(L) fabricated in NPG films. (a) D=2.5 um, L=25 nm, a=100. (b) D=1.5 um, L=25 nm, a=60.
(c) D=8 um, L=200 nm, 0=40. (d) D=1.5 um, L=200 nm, 0=7.5
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Compressive stress-strain curves of pillars (ligament size: 25 nm) with a diameter of 2.5
pum measured in 0.5 M NaF under electrochemical potential control were illustrated in Figure
6.6 (b). Apparently, the flow stress coupled with potential jumps shows the same variation trend
as the pillars fabricated in disc-shaped NPG samples, as shown in Figure 6.3. It can be enhanced
by OH adsorption and be tuned reversibly by potential jumps, suggesting that the network
structure of NPG films is similar to that of disc-shaped NPG samples in terms of electro-chemo-
mechanical coupling, even though the master alloys are prepared by different techniques, as
described in Chapter 3.2, and the thickness of the thin film was decreased to only several
micrometers. The yielding transition on the stress-strain curves is obvious, and the average yield
strength, represented by the strength at 2% strain, is around 38 MPa. As expected, the hysteresis
observed in flow stress at the switching points of potentials is very weak due to the missing
actuation from the substrate material, which consequently does not affect the mechanical
measurement on such small pillars. Additionally, the stress measured under potential jumps and
low constant potential agrees well, confirming the high reproducibility also of these

measurements.
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Figure 6.6. (a) A single load-unloading profile using for in situ compression testing of pillars
fabricated in NPG films. (b) Engineering stress-strain curves of pillars with a diameter of 2.5

um and ligament size of 25 nm measured under electrochemical potential control.

The in situ compression results of pillars with different ligament size (L) and diameter (D)
are reported in Figure 6.7, where the ratio a=D/L varies from 100 to 7.5. All of the stress-strain
curves show a reversible response to potential jumps. Comparing the stress-strain curves shown
in Figure 6.7 (a)-(d), it is found that increasing the ligament size leads to a weakening in

strength, in agreement with the corresponding results of pillars fabricated on disc-shaped
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Figure 6.7. In situ compression results of pillars with different ratio (o) of pillar diameter (D)

to ligament size (L). Engineering stress-strain curves measured under potential jumps of pillars

with (a) D=2.5 um, L=25 nm, a=100. (b) D=1.5 um, L=25 nm, a=60. (¢) D=8 um, L=200 nm,

0=40. (d) D=1.5 um, L=200 nm, a=75. (e) Relative change of flow stress caused by electrode

potential variation (Ag/a,r) at strain e=0.17 as a function of « calculated from stress-strain

curves. Details of the calculation is examplized in Figure 6.2 (b).
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samples, as shown in Figure 6.3. Furthermore, based on the results of relative change in flow
stress induced by OH adsorption (Ag/a,sr) shown in Figure 6.7 (¢), a calculation example of
which can be found in Figure 6.2 (b), Ao /o,f also exhibits dependence on ligament size, and
it decreases from 38% to 25% at strain £=0.17, as ligament size increases from 25 to 200 nm.
However, it seems that Ag /g, of pillars fabricated from the same film (i.e. the same ligament
size) is almost identical. This implies that the reduction of pillar diameter from 8 to 1.5 pm,
where a varies from 100 to 7.5, has no obvious influence on Ag/a, s for a fixed ligament size,
consistent with the results displayed in Figure 6.3 where pillars were fabricated out of

monolithic disc-shaped samples.

6.2 Effect of deformation history

During compression testing, NPG ligaments tend to touch each other as plastic deformation
proceeds, resulting in a densification of the nanoporous structure, which leads to an increase in
solid fraction. Apart from that, the structural geometry will also be changed to some extent after
deformation. In the case of microcompression iz sifu in an electrolyte under potential jumps as
carried out in the last section, pillars underwent deformation where the surface state was altered
several times during testing. From stress-strain curves plotted in Figure 6.3, in which the
electro-chemo-mechanical coupling measured using a multiple load-unloading profile, it can be
seen that the amount of the plastic strain of a pillar at the 1% cycle is different from each other.
Furthermore, due to actuation and system hysteresis, it is hard to make sure that all pillars
experience identical initial deformation before we change potentials in experiments. Because
the different amount of plastic deformation could cause a different degree of variation in the
network structure, the structural discrepancy caused by the history deformation could affect the
subsequent change of flow stress coupled with surface oxidation. In order to address this, the
plastic behavior of NPG under potential jumps, where samples experience varying deformation

at the first stage, are measured and analyzed in this section.

Here, two disc-shaped NPG samples with ligament size of 35 and 300 nm were selected to
represent fine and coarse network structures, respectively. As experimental parameters
illustrated in Table. 6.1, a set of pillars with the same diameter of 8 um fabricated from the
same bulk NPG samples were first compressed to 5%, 10%, and 15%, respectively, at a constant
potential of -0.2 V (off). After unloading, the applied potential was changed to 1.4 V (on) and
then the corresponding pillars were continuously compressed by additional 13%, 8% and 3%,

respectively, to ensure a total strain of 18% for each pillar.
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The corrected engineering stress-strain curves where the starting points of the 2™ cycle
have been moved to the ending points of the 1% cycle are shown in Figure 6.8. Although the
total compressive strain for each pillar we choose is around 18%, it seems to increase as the
deformation strain at the 1st cycle increases. That discrepancy is because the hysteresis between
the two loading cycles increases with increasing strain. Apparently, the flow stress with
potential on, given in Figure 6.8 (a), reaches a good agreement in all cases, no matter how much
deformation the pillars experience previously under potential off, indicating that stress coupled
oxidation adsorption shows no dependence on the deformation history. Furthermore, the
response of flow stress to the potential jumps in the coarse structure, in Figure 6.8. (b), exhibits
an identical trend, although the strength and its variation induced by OH adsorption are weaker

due to the increase of ligament size.

Table 6.1. Experimental parameters of microcompression under potential jumps

. . . Compression strain
Ligament size Loading cycles Pillar 1 Pillar 2 Pillar3
35 1m 1* cycle (off) 5% 10% 15%
2™ cycle (on) 13% 8% 3%
1* cycle (off) 5% 10% 15%
300 nm 2 cycle (on) 13% 8% 3%
45 14
~ @) . (b)
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Figure 6.8. Engineering stress-strain curves of pillars with ligament size of (a) 35 nm and (b)
300 nm measured under potential jumps using the experimental parameters illustrated in Table.

6.1.
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6.3 Discussion and conclusion

6.3.1 Discussion

As mentioned at the beginning of this chapter, NPG pillars used for investigating
microstructural length-scale and deformation length-scale effects on the electro-chemo-
mechanical coupling are fabricated from different types of samples, disc-shaped NPG (the same
samples used in the Chapter 5) and NPG thin films. Master alloys and the synthesis methods of

these two types of samples are different, details of which can be found in Chapter 3.2.

Based on the compressive stress-strain curves of NPG pillars with varying ligament size
(L) and diameter (D) fabricated from the disc-shaped samples and the thin films under potential
jumps, as shown in Figure 6.3 and Figure 6.7, the strength (g, ) of pillars with high a=D/L
measured at potential off, as well as its absolute (Ao = g,y — 0,55) and relative (Ag/ag,fr)
variations induced by potential change from off to on, i.e. the surface varies from clean to OH-
covered states, as a function of L for a fixed strain ¢=(./7 are summarized in Figure 6.9. As
expected, ligament size has significant influence on the g, 5 of pillars machined from the same
type of samples, coarsening ligament structure leading to a decrease in g, ¢ ¢, as shown in Figure
6.9 (a). However, pillars with similar L but fabricated from different type of samples show a
considerable difference in g, ¢; the o,f (~52 MPa) of pillars with L=25 nm fabricated on thin
films, shows twice the corresponding strength (~26 MPa) of pillars machined on disc-shaped
samples. In addition to the effects of ligament size, other influences in terms of the
microstructure and geometry of the pillars are needed to be considered, to explain this large
discrepancy, since the master alloy of these two types of pillars is different. First, numerous
grain boundaries, which might come from the fine grains of the master alloy, observed on the
SEM images of NPG thin films, as displayed in Fig 3.7, might have a contribution on the higher
strength via hindering the dislocations movement during deformation [190]. Second, the aspect
ratios (0.3~1.67) of pillars obtained from thin films is much lower than the corresponding ratio
(~3) of pillars fabricated in disc-shaped samples, as mentioned in section 6.1.2. The low aspect
ratio will cause an increase in friction coefficients between the pillar and substrate [191]. This
might resist the transversal deformation of pillars during compression, thus more load is
required to be applied on the samples. However, since the Poisson’s ratio of NPG was found to
be close to zero in other studies [65, 115, 192], the effect of aspect ratio on the strength of NPG

might not be as strong as for conventional massive metals. Additionally, the solid fraction and
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the connectivity density of these two pillars might be different, which could also lead to a

variation in o5 .
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Figure 6.9. (a) The strength (o,5r) of NPG pillars, fabricated from disc-shaped and film
samples, with high a=D/L measured at potential off, as well as its (b) absolute (Ao = g,,, —
0o5r) and (c) relative (Aa /o, f) variations induced by potential change from off to on, i.e. the
surface varies from clean to OH-covered states, as a function of ligament size (L) for a fixed

strain e=(.17.The lines are simply given as a guide to the eye.

The absolute change of strength (Ao) during surface coverage of OH, is also dependent
on the ligament size, as shown in Fig 6.9 (b); increasing the ligament size of the pillars from
the same type of samples (i.e., thin film or bulk disc-shaped) results in a significant decrease in
Ao. The improvement of strength with surface oxidation adsorption is attributed to the surface
effects controlled by electrochemical potentials, such as a decrease of surface tension and

dislocation movement pinned by adsorbed species [24]. Ligament structure coarsening leads to
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a reduction of specific surface area, which will weaken the interaction between the Au surface
and electrolyte, as well as surface effects, resulting in a decrease in Ag. Additionally, comparing
the results presented in Figure 6.9 (a) and Figure 6.9 (b), it is found that Ag seems to scale with
the 0,75, the higher g, ¢ can induce a larger Ao for pillars with similar ligament size, implying
that the difference in microstructure of disc-shaped samples and films we discussed above might

have an impact on the Ao.

In order to further clarify the interdependencies of o,5r, Ao and L, we plotted the
corresponding relative variation of strength (Ao /o,sr) as a function of ligament size, as
presented in Figure 6.9 (c). Ag/a,ry of pillars fabricated from two types of samples exhibits
the same dependence on the ligament size, decreasing with increasing L, implying that the
dependence of ligament size on g, ¢ and the Ao is in a different manner, either for disc-shaped
samples or for thin films. Furthermore, the nearly identical values of Ao /o, sr between pillars

with L=25 nm and L=35 nm coming from different type of samples further verify that the Ao

scales with the g, .

In addition to the ligament size, the Ag/a,f; of pillars as a function of a =D/L are
summarized in Figure 6.10, where a varies from 228 to 7.5. It is found that Ag /g, s remains
nearly constant when ligament size is invariant, even though o decreases to 7.5, indicating that
a variation of pillar diameter in this certain range for a fixed ligament size has no significant
influence on the electro-chemo-mechanical coupling. That is different from the results of
compression behavior of NPG pillars without an electrochemical environment, as shown in Fig
4.6, where the mechanical behavior is insensitive to the pillar diameter when 0>20, while for
0<20 both strength and elastic modulus of pillars with a ligament size of 350 nm decreased with
the lower pillar diameter. This variation is attributed to the reduction in connectivity density
and ligament size distribution contributing to the mechanical behavior of NPG, as discussed in
Chapter 4.3.1. However, the electro-chemo-mechanical coupling of NPG is governed by the
specific surface area of the sample rather than the connectivity density, thus no size-dependence

on functional behavior was observed, as shown in Figure 6.10.

Due to the heterogeneity of the ligament structure, the distribution of adsorbates on the
individual ligament surface is not homogeneous, i.e. adsorption might occur preferentially on
some local surface structure, depending on the geometries (shape, curvature) and the strain of
the ligaments [174]. This local inhomogeneity can be neglected for pillars with high a, resulting

in reproducible functional behavior, verified by the results shown in Figure 6.10, while for

82



Intrinsic and extrinsic size effects, and the influence of the deformation history on
electro-chemo-mechanical coupling of NPG

pillars with low a, especially only few ligaments involved, it might become a dominant factor
in effecting electro-chemo-mechanical coupling, leading to stochastic functional behaviors. In
addition, the ligament size of pillars with low a might differ, even though they are milled from
the same sample, since the ligament size distribution of NPG is broad [114], which could also
cause stochastic responses in Ag /g, sr. Therefore, we expect that the existence of a critical a,
above which the tested volume can be considered a representative volume element (RVE)
resulting in reproducible electro-chemo-mechanical coupling, is similar to the corresponding
RVE in terms of mechanical behavior as described in Chapter 4.3.1. This critical ratio is thought
to be independent on ligament size if the network structure remains self-similar. Due to the limit
of the nanoindentation system and sample preparation method, as mentioned in Chapter 3.2.2
and 3.3.3, a=7.5 is the minimal ratio of pillars we can test here, and the corresponding Ag/a, ¢ ¢
of such pillars is nearly identical to that of pillars with high a=40 for a fixed ligament size
(L=200nm), as shown in Figure 6.10. This implies that the critical size of RVE in terms of the
functional behavior is lower than 10 times the corresponding ligament size, smaller than the
corresponding size of RVE with regard to the mechanical behavior that is around 20 times the

ligament size, as described in Chapter 4.
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Figure 6.10. The relative variation of flow stress induced by electrode potential variation

(Ao /a,5) of pillars at strain e=(.17 with varying ratio (a) of ligament size (L) and pillar

diameter (D). Data are collected from Figure 6.3 (e) and Figure 6.7 (e). Solid square symbols:

pillars fabricated from disc-shaped NPG samples. Cycle symbols: pillars fabricated from NPG

films.
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6.3.2 Conclusion

In this chapter, the influence of intrinsic and extrinsic size, as well as deformation history
on the electro-chemo-mechanical coupling of NPG were studied via microcompression in situ
in an electrolyte. The engineering stress-strain curves of pillars with varying ligament size (L)
and diameter (D), fabricated on disc-shaped NPG samples and NPG films, where a=D/L ranges
from 228 to 7.5, revealed that the flow stress (g,r5), as well as its absolute (Ao) and relative
(Ao /o,5) changes induced by surface adsorption strongly depends on the ligament size. All of
them decrease significantly with increasing ligament size, but in different ways. The first is
arising from size effects of “smaller is stronger”, while the latter two is owing to the decrease
of specific surface area as the structure coarsens. Furthermore, the Ao also scales with the o, 5.
However, it was found that a variation of pillar diameter does not affect Aa /o, s if the pillars
are machined from the same type of sample with a fixed ligament size, even though a is reduced
to 7.5. This implies that the size of the RVE in terms of functional behavior is lower than 7.5
times the corresponding ligament size, smaller than the corresponding size (20 times the
ligament size) of RVE regarding the mechanical response without electrolyte, as described in
Chapter 4. In addition, the results of in sifu compression testing, where pillars with fine and
coarsened structures experienced different amount of plastic deformation before potential
changes, indicated that the deformation history with a clean surface has no influence on the

subsequent flow stress coupled with the surface coverage of OH.
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7 Summary and outlook

7.1 Summary

The first electro-chemo-mechanical coupling of NPG at the microscale was implemented
in the present work, using a modified nanoindentation system combined with an
electrochemical cell, which provides the opportunity to investigate the effects of microstructural
aspects. Basing on that, we are focusing on the micromechanical behavior, with and without
electrochemical control, of NPG micropillars with different microstructural length scales and
deformation length scales, in order to study the interdependencies of deformation,

microstructural length scale and electrochemical environment.

First, the consequence of intrinsic and extrinsic size effects in the mechanical behaviors of
NPG was addressed by conducting nanoindentation and uniaxial microcompression on bulk
NPG and micropillars, respectively. With the change of ligament size (L) and pillar diameter
(D), the ratio a=D/L of the pillars can be varied from 160 to 6. The nanoindentation results
indicated that both hardness and elastic modulus decrease with increasing ligament size, in
agreement with results in other studies [65, 185]. Furthermore, based on the microcompression
results of pillars with varying a, it was found that the mechanical response shows identical
behavior for a larger than 20, while both flow stress and elastic modulus decrease with
decreasing diameter when « is below 20, as evidenced for pillars with L=350 nm. Therefore, a
critical ratio (a =20) is defined here, above which the test structure with L=350 nm can be
considered a representative volume element (RVE) of NPG resulting in reproducible
mechanical responses and uniform deformation. Below this critical ratio, the mechanical
response shows dependence on the pillar diameter. Furthermore, stochastic behavior along with
non-uniform deformation and failure were observed when o <10, suggesting the size of the

mechanical load-bearing units of NPG with L=350 nm is about 10 times the ligament diameter.

In the case of in situ microcompression in an electrolyte, a novel multiple load-unloading
profile was developed to decouple the contribution of displacement due to the actuation from
the compression-induced deformation. The flow stress of pillars measured under potential

jumps exhibited the same trend as the corresponding macroscopic results: strength can be
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enhanced significantly during the adsorption region and this response is reversible.
Interestingly, the elastic modulus was found not to depend on the electrochemical potential, a
result in contrast to that found with dynamic mechanical analysis (DMA) on macro-scale NPG.

The reason for this discrepancy is still not fully understood.

The influence of intrinsic and extrinsic size, as well as deformation history on the electro-
chemo-mechanical coupling of NPG were also studied here. The engineering stress-strain
curves of pillars fabricated in disc-shaped NPG samples and NPG films, where a ranges from
228 to 7.5, indicated that the relative change in strength (Aog/0,ff) induced by the applied
positive potential, i.e. surface coverage of OH, decreases significantly with increasing ligament
size, implying that the absolute change (Ao) in strength and the strength itself (g,5f) scale
differently with the ligament size. A change in pillar size, however, does not affect the potential-
induced strengthening for a fixed ligament size, even though a declined below 10, implying
that the critical ratio of RVE in terms of functional behavior is smaller than the corresponding
ratio (20) of RVE regarding mechanical behavior. In addition, the flow stress of the pillars,
which experienced different amounts of plastic deformation before potential changes from clean
to oxygen covered surface, demonstrated that the deformation path of network structure with a

clean surface has no influence on the subsequent flow stress coupled with OH adsorption.

7.2 Outlook

Electro-chemo-mechanical coupling at the microscale has been carried out on NPG
samples in the present thesis using a modified nanoindenter, with which we investigate the
effects of deformation length scales, microstructure length scales and deformation history. Due
to the complex structure of NPG, the effects of other structural elements, such as grain
boundaries and local geometries, are also worth investigating in further research, for a
comprehensive understanding of the correlation between structure and mechanical properties

coupled with electrochemical potentials.

Basing on the compression results displayed in chapter 5, the elastic modulus of NPG
pillars was found to be insensitive to the surface state, inconsistent with the bulk dynamic
mechanical analysis results (DAM), the reason for this discrepancy and the coupling between
NPG elasticity and electrochemical potential need further investigations. Furthermore, the flow
stress behavior shows a strong dependence on electrode potentials, in agreement well with the
corresponding macroscopic results, but the underlying mechanism is still not fully understood.

Although the strengthening induced by adsorption and its variation with strain is thought to be
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based on the interaction between dislocations and adsorbates at the surface, it lacks supports
from experimental evidence. It would be challenging but useful to characterize the dislocation
behavior of different surface states during micromechanical testing under potential control
using transmission electron microscope (TEM) technique, in order to understand the

corresponding mechanisms.

Except for micropillars of NPG, the mechanical behaviors coupled with electrochemical
potentials of individual ligaments is of interest to explore, since oxidation adsorption of NPG
occurs on the ligament surface. /n situ mechanical testing of Au micro- or nano-pillars with
different external shapes and crystallographic orientations that are considered as representative
of a single ligament, can be carried out using the indenter by the experimental approach
developed in the current work. It would help to understand how the single ligaments transfer
their functionality to the overall network structure through comparing and analyzing the electro-

chemo-mechanical coupling of Au pillars and NPG.
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